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ABSTRACT 


Strong  Optical  Injection  Locking  of  Edge-Emitting  Lasers  and  Its  Applications 

by 

Hyuk-Kee  Sung 

Doctor  of  Philosophy  in  Engineering  -  Electrical  Engineering  and  Computer  Sciences 

University  of  California,  Berkeley 
Professor  Ming  C.  Wu,  Chair 

Semiconductor  lasers  are  essential  components  that  enable  high-speed  long-haul 
communication  and  have  been  widely  used  for  various  applications  in  photonics 
technology.  Semiconductor  lasers  under  optical  injection  locking  exhibit  superior 
performance  over  free-running  lasers  and  provide  useful  applications  not  achievable 
through  the  free-running  lasers.  The  perfonnance  of  injection-locked  lasers  has  been 
found  to  be  significantly  improved  with  stronger  injection. 

In  this  dissertation,  the  characteristics  and  applications  of  semiconductor  lasers 
under  strong  optical  injection  locking  are  presented  and  analyzed  in  various  aspects.  First, 
ultra-strong  (injection  ratio  R  ~  10  dB)  optical  injection  locking  properties  are 
investigated  experimentally  and  theoretically.  Direct  modulation  responses  of  ultra-strong 
optical  injection-locked  distributed  feedback  (DFB)  lasers  show  three  distinctive 
modulation  characteristics  depending  on  frequency  detuning  values.  These  different 
optical  properties  and  electric  modulation  characteristics  can  be  utilized  in  various 
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applications  such  as  analog  fiber  optic  link,  broadband  digital  communications,  RF 
photonics  and  opto-electronic  oscillators  (OEOs).  Using  the  strong  injection-locked  lasers, 
a  novel  single  sideband  generation  has  been  demonstrated.  A  modulation  sideband  on  the 
longer  wavelength  side  is  enhanced  due  to  the  resonant  amplification  by  the  slave  laser’s 
cavity  mode,  resulting  in  a  12-dB  asymmetry  at  20-GHz  RF  modulation.  The  dispersion- 
limited  RF  bandwidth  has  been  greatly  increased  by  maintaining  the  variation  of  fiber 
transmission  response  within  7  dB  up  to  20-GHz  RF  carrier  frequency  over  80-km  fiber 
transmission. 

Second,  to  improve  fiber  optic  link  performances,  gain-lever  distributed  Bragg 
reflector  (DBR)  lasers  have  been  fabricated.  With  a  gain-lever  modulation,  9-dB  increase 
of  a  link  gain  has  been  achieved  compared  with  a  standard  modulation.  By  combining  the 
gain-lever  modulation  with  optical  injection  locking,  nonlinear  distortion  reduction  and 
modulation  bandwidth  enhancement  have  been  achieved  as  well  as  maintaining  the 
improved  link  gain. 

Finally,  we  have  proposed  two-section  DFB  lasers  for  simple  optical  injection 
locking  systems.  The  two-section  DFB  lasers  show  similar  locking  /  unlocking 
phenomena  as  conventional  injection  locking  systems  using  external  master  lasers. 
Electrically  isolated  gain  sections  in  monolithic  lasers  can  support  independent  lasing 
modes.  The  independent  modes  are  mutually  locked  under  certain  current  bias  conditions. 
With  a  direct  modulation  of  the  monolithic  lasers,  we  achieved  resonance  frequency 
enhancement,  modulation  bandwidth  increase  and  chirp  reduction.  We  have  also 
demonstrated  high  optical  extinction  ratio  and  millimeter-wave  generation  using  the 
monolithic  lasers. 


2 


For  future  works,  ultra-strong  injection-locked  lasers  might  enable  broadband  (>  40 
Gb/s)  digital  signal  transmission  of  directly-modulated  lasers  and  be  employed  in  high- 
frequency  (>  60  GHz)  OEOs.  The  integration  of  the  two-section  lasers  with  modulators 
will  enable  high  optical  extinction  ratio  (>  65  dB)  with  modulation  bandwidth  up  to 
several  GHz.  The  ultra-strong  injection  locking  technique  and  monolithic  injection- 
locked  lasers  can  significantly  extend  the  performance  of  directly-modulated  lasers  for 
high  frequency  applications. 
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Chapter  1  Introduction 


Optical  fibers  have  become  the  media  of  choice  for  transmitting  digital  data  over 
long  distances,  thanks  to  the  extremely  low  propagation  loss  of  light  in  fibers.  The 
inherent  bandwidth  of  fiber,  on  the  order  of  tens  of  THz,  offers  enormous  capacity, 
limited  only  by  the  transmitters,  receivers,  and  fiber  nonliearity.  Recently,  there  is 
increasing  interest  to  use  fibers  to  transmit  not  just  digital  but  analog  and  radio-frequency 
(RF)  signals.  The  light  weight  and  immunity  to  electromagnetic  interference  (EMI) 
makes  fiber  an  ideal  media  for  antenna  remoting.  Optical  processing  of  RF  signals  is  also 
possible  in  the  optical  domain.  Directly-modulated  semiconductor  lasers  are  the  most 
compact  source  for  fiber  optic  systems.  However,  their  applications  have  been  limited  to 
low  frequency  systems  (-10  Gb/s  or  10  GHz)  due  to  relaxation  oscillation  and  chirp.  The 
purpose  of  this  thesis  is  to  show  that  we  can  greatly  enhance  the  performance  of 
semiconductor  lasers  by  strong  optical  injection  locking,  and  extend  their  applications  to 
larger  bandwidth,  higher  performance  systems,  perhaps  beyond  100  GHz. 

To  improve  laser  performance  and  further  develop  new  applications,  optical  injection 
locking  of  semiconductor  lasers  has  been  widely  investigated  because  injection-locked 
lasers  can  provide  many  advantages  over  free-running  lasers.  The  advantages  include 
laser  linewidth  reduction  [1-3],  suppression  of  mode  hopping,  reduction  of  mode- 
partition  noise  [4]  and  various  modulation  performance  improvements  [5-15].  In  addition, 
lasers  under  certain  injection  locking  conditions  provide  a  variety  of  functionalities  that 
might  be  useful,  but  not  achievable  by  the  free-running  lasers  [16-26]. 
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1.1  Fundamentals  of  Optical  Injection  Locking 


1.1.1  History 

Locking  phenomenon  can  occur  between  oscillators.  It  was  first  observed  in  two 
swinging  pendulums  by  Huygens  in  the  1600s.  Later,  Adler  established  a  theoretical 
study  on  locking  phenomena  in  electric  oscillators  [27].  He  found  that  the  original 
oscillation  frequency  of  a  free-running  oscillator  can  be  locked  to  the  frequency  of  an 
injecting  oscillator  with  a  constant  phase  value.  This  locking  concept  was  adapted  to  a 
laser.  The  first  “optical”  injection  locking  was  demonstrated  by  Stover  and  Steier  using 
two  HeNe  lasers  in  1966  [28].  Theoretical  and  experimental  investigations  on  optical 
injection  locking  in  the  1970s  had  been  focused  on  the  understanding  of  physical 
phenomena. 

In  the  1980s,  thanks  to  the  development  of  semiconductor  lasers  with  spectral  purity, 
optical  injection  locking  had  been  widely  investigated  for  communications  applications. 
Using  AlGaAs  lasers,  Kobayashi  et  al.  demonstrated  stable  single -mode  operation  of 
Fabry-Perot  (F-P)  lasers  [29]  and  phase  modulation  (PM)  in  an  injection-locked  laser 
through  a  frequency  modulation  (FM)  of  a  master  laser  [20].  The  primary  focus  was  on 
coherent  optical  communications.  Optical  injection  locking  has  also  been  applied  to 
digital  communication  systems  because  the  chirp  of  injection-locked  lasers  can  be  greatly 
reduced  [5-7,  9,  30].  Since  the  1990s,  many  advantages  in  the  injection-locked  lasers  over 
free-running  lasers  has  been  achieved,  including  modulation  bandwidth  enhancement  [10, 
14,  31-39],  resonance  frequency  increase  [36,  39-42],  nonlinear  distortion  reduction  [12, 
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43,  44],  relative  intensity  noise  (RIN)  reduction  [10,  40,  45-48],  and  link  gain 
improvement  [49].  Table  1-1  summarizes  the  key  milestones  of  injection  locking  research. 


Year(s) 

Main  accomplishments 

Researcher(s) 

1600s 

Observation  of  synchronization  between  two 

pendulums 

C.  Huygens 

1946 

First  theoretical  foundation  on  locking 

phenomena  in  electric  oscillators 

R.  Alder  [27] 

1966 

First  demonstration  of  optical  injection 

locking  in  lasers  (two  HeNe  lasers) 

Stover  and  Steier  [28] 

1980-1982 

-  Injection  locking  of  semiconductor  lasers 

(in  AlGaAs  lasers) 

-  Single-mode  operation  of  F-P  lasers 

-  Phase  modulation  using  injection-locked 

lasers 

Kobayashi  et  al. 

[20,  29] 

1984 

-  Dynamic  linewidth  reduction 

-  Chirp  reduction 

Lin  et  al.  [5] 

1995-1996 

-  Relative  intensity  noise  (RIN)  reduction 

-  Modulation  bandwidth  enhancement 

Simpson  et  al.  [10] 

1998 

First  demonstration  of  nonlinear  distortion 

reduction  by  optical  injection  locking 

Meng  et  al.  [12,  43] 

2000 

Injection  locking  of  distributed  Bragg 

reflector  (DBR)  lasers 

Lee  et  al.  [14] 

2002 

Injection  locking  of  vertical  cavity  surface 

emitting  lasers  (VCSELs)  at  1550  mn 

Chang  et  al.  [15] 

Table  1-1.  Historical  main  accomplishments  of  injection  locking. 
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1.1.2  Basic  Operation 

The  standard  optical  injection  locking  technique  requires  two  optical  sources  -  a 
master  laser  and  a  slave  laser  as  shown  in  Figure  1-1.  Light  emitted  from  the  master  laser 
is  injected  into  the  slave  laser.  When  injection  locking  conditions  are  satisfied,  the 
frequency  of  the  slave  laser  is  locked  to  that  of  the  master  laser  with  a  constant  phase 
offset.  Two  important  injection  locking  parameters  are  frequency  detuning,  Af  which  is 
the  frequency  difference  between  the  master  and  the  free-running  slave  lasers,  and 
injection  ratio,  R,  which  is  ratio  between  the  injected  power  from  the  master  laser  and  the 
lasing  power  of  the  free-running  slave  laser. 


Figure  1-1.  Schematic  of  optical  injection  locking. 


The  injection  locking  dynamics  can  be  described  by  coupled  rate  equations,  which 
represent  the  field  amplitude,  field  phase,  and  carrier  number  of  the  slave  laser  under 
optical  injection.  The  detailed  theoretical  and  experimental  investigations  of  optical 
injection  locking  will  be  discussed  in  Chapter  2.  Here,  we  provide  some  overview  of  the 
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injection  locking  phenomena.  Figure  1-2  illustrates  the  evolution  of  the  intensity  of  the 
slave  laser  under  optical  injection  when  frequency  detuning  values  are  varied  while  the 
injection  ratio,  R,  is  kept  constant.  As  shown  in  the  figure,  the  spontaneous  emission  of 
the  slave  laser  is  significantly  suppressed  throughout  the  locking  range,  resulting  in  RIN 
reduction  of  the  injection-locked  laser.  The  intensity  of  the  injection-locked  laser  also 
changes  with  the  frequency  detuning. 


Total 

Slave  laser 
Intensity 

Amplified 

Spontaneous 

Emission 

Amplified 

Injected 

Field 


Figure  1-2.  Calculated  slave  laser  intensity,  which  consists  of  amplified  spontaneous  emission 
and  amplified  injected  filed,  versus  the  frequency  detuning,  after  [40]. 


Figure  1-3  and  1-4  show  typical  optical  spectra  of  a  free-running  and  injection- 
locked  DFB  and  F-P  lasers,  respectively.  For  a  DFB  laser,  two  independent  optical 
spectra  are  observed  in  an  unlocked  state,  in  which  one  peak  is  from  a  master  laser  and 
the  other  is  from  a  slave  laser.  When  the  master  laser  wavelength  is  sufficiently  close  to 
the  slave  laser  wavelength  (i.e.,  tuned  within  injection  locking  range),  a  single  injection- 
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locked  peak  is  observed.  In  an  injection-locked  F-P  laser,  the  optical  injection  from  the 
master  laser  suppresses  all  other  F-P  modes  except  the  injection-locked  wavelength  as 
shown  in  Figure  l-4(b). 


Unlocked  Injection- 
■  Locked  locked  A 


slave  s'* ; 
laser 
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master 

laser 


1545.5 


1546.0 


1546.5 


1547.0 


Wavelength  (nm) 

Figure  1-3.  Experimentally  measured  optical  spectra  for  an  unlocked  (dotted  line)  and  injection- 
locked  (solid  line)  DFB  laser. 
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(a)  (b) 

Figure  1-4.  Experimentally  measured  optical  spectra  of  a  (a)  free-running  and  (b)  injection-locked 
F-P  laser. 
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1.2  State  of  the  Art  of  Optical  Injection  Locking 


1.2.1  Modulation  Bandwidth  Enhancement 

Bandwidth  enhancement  of  directly-modulated  semiconductor  lasers  has  been 
demonstrated  in  various  device  structures,  including  short-cavity  multiple-quantum  well 
lasers  [50],  detuned  loaded  InGaAsP  distributed  Bragg  reflector  (DBR)  lasers  [51],  and 
coupled-cavity  injection  grating  lasers  [52],  Modulation  bandwidth  enhancement  by 
optical  injection  locking  has  been  also  reported  by  many  authors,  both  theoretically  and 
experimentally  [10,  14,  31-39,  41,  49,  53,  54].  The  enhanced  resonance  frequency  can  be 
much  higher  than  the  original  relaxation  oscillation  frequency.  Figure  1-5  shows  the 
frequency  response  of  an  injection- locked  DFB  laser  for  various  injection  ratios.  The 
resonance  frequency  increases  with  injection  ratio,  and  is  four  times  higher  than  that  of 
the  free-running  laser  at  -6  dB  injection  ratio. 

1.2.2  Link  Linearity  Improvement 

In  analog  fiber  optic  links  such  as  cable-TV  video  distribution  and  antenna  remoting, 
the  link  performance  is  characterized  by  modulation  bandwidth,  link  gain,  noise  figure, 
and  spurious-free  dynamic  range  (SFDR)  [55,  56],  Directly-modulated  semiconductor 
lasers  experience  nonlinear  distortions  due  to  the  nonlinear  coupling  between  carriers  and 
photon  [57,  58].  The  distortions  become  more  severe  when  the  laser  is  modulated  by 
signals  with  frequency  components  close  to  a  relaxation  oscillation  frequency,  where  the 
nonlinear  coupling  is  strongest.  Meng  et  al.  [43]  and  Chrostowski  et  al.  [44,  59] 
demonstrated  the  reduction  of  nonlinear  distortion  and  SFDR  improvement  as  well  as  the 
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modulation  bandwidth  increase  by  an  injection-locked  DFB  laser  and  vertical  cavity 
surface  emitting  laser  (VCSEL),  respectively. 

Figure  1-6  shows  the  two-tone  intermodulation  distortion  of  an  injection-locked 
DFB  laser.  The  laser  is  modulated  by  RF  signals  at  /}=  2.0  GHz  and/?  =  2.1  GHz.  The 
resonance  frequency  increases  from  4.1  GHz  to  13.6  GHz  by  injection  locking.  The 
SFDR  is  improved  by  5  dB,  which  is  mainly  due  to  the  resonance  frequency  increase  in 
the  injection-locked  laser.  Figure  1-7  shows  the  SFDR  improvement  as  a  function  of 
injection  ratio  in  a  VCSEL.  The  experiment  demonstrates  that  the  increasing  injection 
ratio  leads  to  an  increasing  SFDR.  The  SFDR  measurement  was  performed  at  1-GHz 
range,  while  the  numerical  simulation  at  2.4-GHz  range.  The  data  are  plotted  on  two 
separate  x-axcs  to  demonstrate  qualitative  agreement  between  the  experiment  and  the 
simulation. 
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Figure  1-5.  Measured  frequency  responses  of  an  injection-locked  DFB  laser,  after  [35]. 
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Input  RF  Power  (dBm) 

Figure  1-6.  Measured  RF  fundamental  power  and  third-order  intermodulation  products  for  a  free- 
running  laser  and  injection-locked  DFB  laser,  after  [43]. 
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Figure  1-7.  Measured  SFDR  improvement  versus  injection  ratio  for  an  injection-locked  VCSEL, 
after  [44]. 
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1.2.3  Millimeter- Wave  Generation 


Transmission  of  analog  or  digital  signals  over  high-frequency  carriers  (~  a  few  tens 
of  GHz)  through  an  optical  fiber  has  attracted  great  interest  because  optical  fibers  have 
very  low  propagation  loss.  In  radio-over-fiber  (RoF)  systems,  millimeter- wave  signals  are 
generated  by  optical  sources  in  a  central  office  (CO),  and  transmitted  through  fibers  from 
CO  to  a  base  station  (BS).  Several  schematics  have  been  proposed  to  optically  generate 
the  millimeter-wave  signals  with  a  low  phase  noise.  Goldberg  et  al.  first  demonstrated  the 
millimeter-wave  generation  by  sideband  injection  locking  [60,  61].  In  the  demonstration, 
the  coherence  between  two  independent  optical  sources  (=  two  slave  lasers)  are  achieved 
by  locking  them  to  two  modulation  sidebands  of  the  master  laser.  Using  a  millimeter- 
wave  carrier  generated  by  sideband  injection  locking,  Braun  et  al.  have  reported  a  155- 
Mb/s  data  transmission  on  a  carrier  of  64  GHz  over  12.8-km  standard  single-mode  fiber 
[17,  62].  By  employing  a  similar  but  simpler  technique,  Noel  et  al.  [63]  demonstrated 
high-purity  tunable  millimeter- wave  generation  using  one  master  laser  and  one  RF- 
modulated  slave  laser.  Recently,  injection  locking  for  millimeter- wave  generation  has 
been  extended  to  the  techniques  using  monolithic  devices,  including  passively  mode- 
locked  DBR  lasers  [64]  or  two-section  DFB  lasers  [65,  66]. 


1.2.4  Optical  Injection  Phase-Locked  Loop  (OIPLL) 

Synchronization  of  lasers  is  a  key  issue  in  coherent  optical  communication  system 
[67]  and  RF  photonics  applications.  It  can  be  attained  either  in  the  electric  domain  by 
phase-locked  loops  (PLL)  or  in  the  optical  domain  by  optical  injection  locking  [68]. 
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Recently,  optical  injection  phase-lock  loop  (OIPLL)  has  been  demonstrated  by  A.  J. 
Seed’s  group  [69].  The  OIPLL  combines  electric  phase  locking  with  optical  injection 
locking  (Figure  1-8),  achieving  superior  performance  than  when  individual  technique  is 
used  alone.  Figure  1-9  shows  the  measured  power  spectral  densities  (PSD)  for  a 
homodyne  optical  PLL  (OPLL)  and  the  OIPLL  system.  The  theoretical  PSD  of  the 
OIPLL  system  is  also  shown  in  the  same  figure.  Clearly,  the  addition  of  optical  injection 
locking  improves  its  phase  noise  performance,  overcoming  the  limitations  of  either  OPLL 
or  optical  injection  locking. 


Figure  1-8.  Schematic  of  optical  injection  phase-locked  loop  (OIPLL)  for  heterodyne  systems. 
Synchronization  is  achieved  by  both  optical  injection  locking  and  optical  phase-locked  loop,  after 
[69]. 
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Freqeuncy  Offset  (Hz) 

Figure  1-9.  Power  error  spectral  densities  for  homodyne  OPLL  and  OIPLL  systems,  after  [69]. 


1.2.5  Injection  Locking  of  Mode-Locked  Lasers 

Channelization  is  a  broadband  RF  signal  processing  technique  that  “chops”  the  RF 
signals  into  N  consecutive  frequency  bands  and  convert  them  into  an  array  of  N 
intermediate  frequency  (IF)  signals  with  smaller  (1/N)  bandwidth.  The  channelization  of 
broadband  (~  100  GHz)  RF  signals  can  be  conveniently  performed  in  the  optical  domain 
using  coherent  optical  receivers  if  one  can  synchronize  the  RF-modulated  optical  carrier 
with  an  optical  frequency  comb  (OFC)  local  oscillator.  The  OFC  is  typically  generated  by 
an  external-cavity  mode-locked  laser  or  a  passively  mode-locked  laser. 

Injection  locking  of  a  mode-locked  laser  has  been  demonstrated  to  generate  a 
coherent  OFC  at  remote  locations.  This  is  potentially  useful  for  coherent  optical 
communication  systems  with  subgigahertz  channel  spacing  [70-73].  Figure  1-10  shows 
the  schematic  of  the  injection-locked  OFC  for  coherent  channelizer.  By  injecting  light 
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from  a  CW  master  laser  [70,  73]  or  a  mode-locked  laser  [71,  72],  phase  coherence  is 
established  between  the  master  and  the  injected  mode.  The  grating  disperses  the  OFC  and 
the  optical  signals  at  the  corresponding  frequency  onto  a  linear  array  of  photodetectors 
for  coherent  demodulation. 


Detector  Array 


Figure  1-10.  Conceptual  architecture  of  coherent  channelizer,  after  [70]. 

1.2.6  Optical  Signal  Processing  and  Other  Applications 

All-optical  signal  processing  can  alleviate  the  requirement  of  electric  circuits  in 
high-speed  photonic  networks.  Clock  recovery,  which  is  essential  to  digital 
communication,  can  be  achieved  by  injection  locking  a  passively  mode-locked  laser  [74]. 
All-optical  signal  regeneration  has  drawn  considerable  attention.  It  has  been  realized  by 
using  an  injection-locked  DFB  laser  [75],  a  sidemode  injection-locked  DFB  laser  [76], 
and  a  two-mode  injection-locked  F-P  laser  [77]. 

Figure  1-11  shows  the  schematic  of  waveform  reshaping  by  optical  injection  locking. 
The  reshaping  process  is  based  on  the  switching  of  locking  stability  as  a  function  of 
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injection  ratio.  When  the  frequency  detuning  is  fixed,  the  locked  or  unlocked  state 
depends  on  the  injection  power.  When  the  optical  power  higher  than  locking  threshold  is 
injected  to  a  slave  laser,  the  slave  laser  is  locked  to  the  master  laser  frequency,/,,.  On  the 
other  hand,  when  the  injection  power  is  small,  the  slave  laser  operates  at  the  original 
frequency,  /..  Due  to  the  threshold  behavior  of  the  locking  and  unlocking  processes, 
distorted  signals  can  be  reshaped,  resulting  in  a  frequency-modulated  signal  with  a 
reduced  noise.  The  signal  from  the  slave  laser  is  then  filtered  by  bandpass  filter,  so  that 
the  reshaped  signal  can  be  obtained.  Injection  locking  for  all-optical  processing  also 
provides  additional  all-optical  signal  processing  functions,  such  as  optical  inverter  [78], 
all-optical  format  converter  [79],  and  polarization  controller  [80]. 

Injection  locking  of  uncooled  VCSELs  can  potentially  be  used  for  low-cost 
transmitters  for  WDM  (Wavelength  Division  Multiplexing)  systems  [81].  Optical  single 
sideband  modulation,  which  substantially  reduces  fiber  chromatic  dispersion  effect,  can 
be  generated  by  strong  optical  injection  locking  [82]. 
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Figure  1-11.  Schematic  of  optical  waveform  reshaping  by  injection  locking,  after  [75]. 
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1.3  Organization  of  the  Dissertation 

Chapter  2  starts  with  the  limitations  of  directly-modulated  lasers  and  introduces  the 
motivation  of  ultra-strong  optical  injection  locking  (R  ~  10  dB).  Experimental 
observation  on  optical  spectra  and  frequency  responses  of  ultra-strong  injection-locked 
lasers  reveals  three  distinctive  modulation  characteristics  under  different  frequency 
detuning,  Af  :  (1)  increase  of  amplitude  modulation  (AM)  response,  (2)  broad  3-dB 
bandwidth,  and  (3)  high  resonance  frequency  with  a  narrowband  RF  gain.  In  Chapter  3, 
we  propose  a  novel  approach  to  produce  optical  single  sideband  (SSB)  modulation  by 
strong  optical  injection  locking.  Modulation  sidebands  with  >  10-dB  asymmetry  between 
the  upper  and  lower  sidebands  have  been  achieved.  The  RF  perfonnance  of  the  optical 
SSB  has  been  demonstrated  by  transmitting  the  optical  SSB  over  optical  fibers. 

In  Chapter  4,  we  present  the  fabrication  of  gain-lever  distributed  Bragg  reflector 
(DBR)  lasers.  We  also  demonstrate  the  injection  locking  of  gain-lever  DBR  lasers  for  the 
first  time.  By  combining  gain-lever  modulation  with  optical  injection  locking,  an 
improvement  of  AM  modulation  efficiency,  increase  of  modulation  bandwidth,  reduction 
of  nonlinear  distortions,  and  increase  of  SFDR  have  been  achieved  simultaneously. 

In  Chapter  5,  we  propose  a  monolithic  injection  locking  scheme  using  two-section 
DFB  lasers.  The  two-section  DFB  lasers  exhibit  mutual  locking  phenomena  similar  to 
those  observed  in  externally  injection-locked  lasers,  including  increased  modulation 
bandwidth,  enhanced  resonance  frequency,  and  reduced  laser  chirp. 

In  Chapter  6,  we  describe  two  applications  of  the  monolithic  injection-locked  lasers. 
The  first  is  the  extinction  ratio  improvement  under  large-signal  modulation.  The  second  is 
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optical  millimeter-wave  generation  using  two-section  DFB  lasers.  Spectrally  pure 
millimeter- waves  with  high  power  are  generated  by  monolithic  sideband  injection 
locking.  Chapter  7  summarizes  the  work  presented  in  this  dissertation  and  comments  on 
future  directions  and  the  applications  of  optical  injection  locking. 
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Chapter  2  Strong  Optical  Injection  Locking 


2.1  Limitations  of  Directly-Modulated  Lasers 

Figure  2-1  shows  the  schematics  of  fiber  optic  links  with  (a)  external  and  (b)  direct 
modulations.  Typically,  direct  modulation  is  used  in  low-cost  systems,  while  external 
modulation  is  employed  in  high  performance  applications.  In  addition  to  optical 
communication  networks,  fiber  optic  links  are  also  used  in  analog/RF  systems  such  as 
cable-TV  video  distribution,  antenna  remoting  in  cellular  networks,  and  radio-over  fiber 
(RoF)  systems  [55,  83,  84],  The  requirements  for  analog  and  digital  signal  transmissions 
are  quite  different.  Table  2-1  summarizes  the  limitations  of  directly-modulated  fiber-optic 
links  for  analog  signal  transmission.  The  modulation  bandwidth  is  limited  by  the 
relaxation  oscillation  frequency  of  the  laser.  The  nonlinear  coupling  between  electron  and 
photon  generates  undesired  signal  distortions  such  as  harmonic  and  intermodulation 
distortions.  Electron-photon  conversion  loss  (<  1)  results  in  a  link  loss.  On  the  other  hand, 
digital  links  require  low  frequency  chirp  and  high  extinction  ratio,  different  from  analog 
links.  Fortunately,  most  of  these  limitations  can  be  improved  by  optical  injection  locking. 
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Figure  2-1.  Schematics  of  fiber  optic  links  using  (a)  external  modulation  (b)  direct  modulation. 
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System  Requirements 

Limitations  of  Direct  Modulation 

High  modulation  bandwidth 

Relaxation  oscillation 

Low  signal  distortion 

Nonlinear  electron-photon  coupling 

Low  relative  intensity  noise  (RIN) 

Spontaneous  emission  of  lasers 

Low  RF  link  loss 

Electron-photon  conversion  loss 

Table  2-1.  Limitations  of  directly-modulated  systems  for  analog  signal  transmission. 


System  Requirements 

Limitations  of  Direct  Modulation 

High  modulation  bandwidth 

Relaxation  oscillation 

Low  chirp 

frequency  change  under  modulation 

High  extinction  ratio 

Laser  tum-on  transient 

Table  2-2.  Limitations  of  directly-modulated  systems  for  digital  signal  transmission. 


2.2  Motivation  for  Ultra-Strong  Injection 

The  history  optical  injection  locking  research  can  be  divided  into  three  periods.  In 
the  1980s,  most  of  the  experiments  were  in  the  weak  injection  regime  ( R  <  -10  dB)  [3,  4, 
20,  21,  29,  68],  Injection  ratio  R ,  here,  is  defined  as  the  power  ratio  between  the  injected 
power  and  the  lasing  power  of  the  free-running  slave  laser.  Phase  modulation  [20],  laser 
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linewidth  reduction  [2,  3],  and  sidemode  suppression  of  F-P  lasers  [29]  have  been 
demonstrated.  The  primary  driving  force  at  that  time  was  coherent  optical 
communications. 

In  the  1990s,  thanks  to  the  development  of  high-power,  continuous-wave  (CW) 
semiconductor  lasers,  strong  optical  injection  locking  (-10  <  R  <  0  dB)  properties  have 
been  intensely  investigated.  The  lasers  exhibit  resonance  frequency  enhancement  [36,  41], 
modulation  bandwidth  increase  [10,  14,  31,  32,  34-36],  chirp  reduction  [9],  and  nonlinear 
distortion  suppression  [12,  43],  in  addition  to  the  benefits  of  the  weak  injection  locking. 
These  benefits  improved  the  perfonnance  of  both  analog  and  digital  fiber  optic  links.  For 
example,  laser  chirp  in  directly-modulated  lasers  can  be  significantly  reduced  by  injection 
locking  because  the  slave  laser’s  wavelength  is  locked  to  the  master’s.  The  3-dB 
modulation  bandwidth  can  be  improved  by  increasing  the  resonance  frequency  of 
injection-locked  lasers.  The  increase  of  resonance  frequency  can  be  explained  as  follows: 
for  strong  injection-locked  lasers,  the  carrier  density  of  the  slave  laser  changes  as  a 
function  of  injection  locking  parameters  -  frequency  detuning  and  injection  ratio.  This 
modified  carrier  density  causes  a  wavelength  shift  of  the  original  cavity  mode  of  the  free- 
running  slave  laser  [36,  40],  As  a  result  of  an  interaction  between  the  injection-locked 
wavelength  and  the  shifted  cavity  mode,  the  injection-locked  laser  exhibits  a  resonance 
enhancement. 

The  properties  of  the  resonance  frequency  increase  depend  on  injection  locking 
parameters.  Recently,  Simpson  et  al.  [41]  and  Murakami  et  al.  [36]  demonstrated  this 
resonance  frequency  increase  in  strong  injection-locked  semiconductor  lasers 
experimentally  and  theoretically.  According  to  the  theory  and  experimental  results  [36, 
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40-42],  the  performances  of  injection-locked  lasers  improve  with  stronger  injection  ratio. 
Using  injection  locking  of  VCSELs,  Chrostowski  et  al.  [44]  achieved  a  high  resonance 
frequency  of  >  50  GHz  as  shown  in  Figure  2-2.  Figure  2-3  shows  the  measured  stable 
locking  range  versus  injection  ratio.  Stronger  injection  increases  the  stable  locking  range. 
At  the  injection  ratio  of  -6  dB,  stable  locking  range  is  ~  20  GHz.  Injection  locking  system 
with  stronger  injection  is  robust  and  exhibits  improved  performance  compared  with 
weaker  injection  locking  system. 


Figure  2-2.  Frequency  responses  of  tree-running  and  injection-locked  VCSELs  for  various 
injection  ratios,  after  [44]. 
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Figure  2-3.  Injection  locking  range  of  DFB  lasers  as  a  function  of  injection  ratio,  after  [35]. 


In  this  Chapter,  we  will  extend  the  study  of  strong  injection  locking  to  ultra-strong 
injection  locking  regime,  where  the  injection  ratio,  R,  is  ~  10  dB.  We  have  performed  a 
systematic  study  on  ultra-strong  injection-locked  DFB  lasers  through  experimental 
observations  of  optical  spectra  and  corresponding  frequency  responses  with  various 
injection  locking  parameters.  We  will  show  that  the  measured  frequency  responses 
exhibit  three  distinctive  regimes,  depending  on  the  frequency  detuning. 
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2.3  Experimental  Observations 


2.2.1  Experimental  Setup 

Figure  2-4  is  a  schematic  of  the  experimental  setup  to  characterize  the  optical  spectra 
and  electric  modulation  properties  of  ultra-strong  optical  injection-locked  DFB  lasers.  A 
master  laser  module  consists  of  an  external-cavity  tunable  laser  (ECTL)  that  provides 
wide  frequency  tunability  and  an  Erbium-doped  fiber  amplifier  (EDFA)  that  enables 
ultra-strong  injection.  An  EDFA  followed  by  a  variable  optical  attenuator  controls  the 
injection  ratio.  Polarization  matching  between  the  master  laser  and  a  slave  laser  is 
achieved  by  a  polarization  controller.  To  couple  the  incident  light  from  the  master  laser 
module  to  the  slave  lasers,  an  optical  head  with  a  pig-tailed  fiber  and  an  optical  circulator 
with  >  40-dB  isolation  between  ports  are  used.  The  optical  isolator  prevents  undesired 
light  coupling  from  the  slave  laser  to  the  master  laser  module.  It  also  protects  the  slave 
laser  against  the  back-reflected  light.  The  slave  laser  is  a  DFB  laser  with  two  electrically- 
isolated  gain  sections.  Only  the  section  facing  the  coupling  lens  is  pumped  and  the  other 
section  is  left  unbiased. 

The  optical  and  RF  spectra  of  the  free-running  slave  laser  is  carefully  observed  to 
ensure  a  stable  single-mode  operation  without  exhibiting  self-pulsation  or  multi-mode 
lasing  throughout  the  measurements  presented  in  this  Chapter.  The  optical  output  of  the 
injection-locked  laser  is  monitored  on  an  optical  spectrum  analyzer  (OSA)  with  a 
resolution  of  0.01  mn  (=  1.25  GHz).  To  measure  the  frequency  responses,  modulation 
signals  from  a  network  analyzer  are  applied  to  the  slave  laser  through  a  bias-tee.  The 
output  is  sent  to  a  high-speed  (34  GHz)  photodetector  followed  by  the  network  analyzer 
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or  an  RF-spectrum  analyzer  (RF-SA). 


Master  Laser  for 


Figure  2-4.  Experimental  setup  for  ultra-strong  optical  injection  locking.  The  optical  spectrum 
and  the  RF  modulation  responses  are  monitored  simultaneously.  (ECTL:  external  cavity  tunable 
laser;  EDFA:  Erbium-doped  fiber  laser;  Attn.:  optical  attenuator;  Pol.  cont.:  polarization 
controller;  OSA:  optical  spectrum  analyzer;  RF-SA:  RF-spectrum  analyzer) 


2.2.2  Measured  Optical  Spectra  and  Modulation  Responses 

Figure  2-5(a)-(c)  show  the  measured  optical  spectra  under  various  frequency 
detuning  conditions.  Figure  2-5(d)-(f)  depict  their  corresponding  frequency  responses. 
The  threshold  current  of  the  free-running  slave  laser  is  9  tnA.  It  is  DC-biased  at  19  tnA  (= 
2.1-Ith)  throughout  the  measurement.  The  lasing  wavelength  at  this  bias  current  is 
thermally  stabilized  at  1545.91  ntn  by  a  heat  sink  with  temperature  controller.  The  output 


24 


power  of  the  free-running  slave  laser  is  measured  to  be  -3  dBm  at  the  pig-tailed  output 
fiber  of  the  coupling  lens. 

As  shown  in  the  dotted  lines  in  Figure  2-5(a)  and  (d),  the  free-running  optical 
spectrum  exhibits  stable  single-mode  performance  with  SMSR  of  >50  dB  and  the 
relaxation  oscillation  frequency  is  measured  at  4.2  GHz.  To  achieve  the  ultra-strong 
injection-locked  state,  the  optical  power  of  the  master  laser  is  boosted  by  an  EDFA,  so 
that  the  injection  ratio  R  of  ~  12  dB  is  attained.  Systematic  variation  of  frequency 
detuning  Af  has  been  achieved  by  changing  piezo  voltage  of  the  ECTL  while  maintaining 
injection  ratio  at  a  constant  value.  The  frequency  detuning,  Af  is  defined  as  the  frequency 
difference  between  the  master  laser  and  free-running  slave  laser  (Af  =  /master  -  /free, slave)- 
The  injection  locking  range  is  measured  by  observing  the  optical  spectra  in  OS  A  and  the 
beating  frequency  in  RF-SA.  The  measured  injection  locking  range  with  respect  to  the 
wavelength  of  the  free-running  laser  is  drawn  by  the  thin  vertical  lines  at  X  =  1545.71  and 
1546.30  nm  in  Figure  2-5(a)-(c).  The  thin  vertical  line  at  wavelength  X  =  1545.91  nm 
represents  the  zero-detuning  point  (Af=  0).  The  area  between  the  two  vertical  lines  is  the 
stable  locking  range.  The  corresponding  frequency  detuning  values  are  -48.75  and  25 
GHz,  respectively.  The  asymmetry  of  the  locking  range  is  due  to  the  linewidth 
enhancement  factor  (Henry’s  factor)  [1,  40,  85,  86], 

Experimentally,  the  transition  from  locked  to  unlocked  state  at  the  negative  detuning 
edge  can  be  easily  observed  through  a  sudden  jump  from  injection- locked  wavelength  to 
the  free-running  slave  laser  mode.  However,  because  there  is  no  such  wavelength  hop  at 
the  positive  detuning  edge,  the  locking  range  for  the  positive  detuning  edge  is  defined  as 
the  frequency  detuning  value  corresponding  to  the  point  where  SMSR  between  the 
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injection-locked  peak  and  residual  cavity  mode  is  35  dB.  Within  this  range,  no  unstable 
locking  or  unlocked  phenomena  such  as  four-wave  mixing,  pulsation,  or  chaos  have  been 
observed,  so  that  the  slave  laser  is  still  locked  to  the  master  laser  despite  the  existence  of 
the  cavity  mode. 

In  the  large  negative  locking  regime  (Af  =  -42  GHz),  where  the  master  laser  is 
injected  into  the  longer  wavelength  of  the  free-running  slave  laser,  the  optical  spectrum  in 
Figure  2-5(a)  shows  a  single  mode  with  SMSR  >  50  dB.  The  corresponding  frequency 
response  exhibits  an  enhanced  amplitude  response  at  low  frequency  (DC  to  ~3  GHz).  The 
increase  of  the  amplitude  response  results  from  a  cavity  resonance  effect.  Since  the  cavity 
mode  is  very  close  to  the  injected  frequency,  the  resulting  resonance  frequency  is  low. 

When  the  master  laser  is  tuned  towards  the  center  of  the  locking  regime  (Af  =  -14 
GHz),  a  single-mode  spectrum  is  maintained  with  SMSR  of  45  dB.  The  cavity  mode  is 
believed  to  be  hidden  under  the  envelope  of  the  injection-locked  spectrum  due  to  the 
small  amplitude,  thus  the  limitation  of  the  resolution  of  the  OSA.  In  the  corresponding 
frequency  response  in  Figure  2-5(e),  the  3-dB  bandwidth  is  significantly  increased  to  21 
GHz,  which  is  more  than  a  four-fold  increase  of  the  relaxation  oscillation  frequency  of 
the  free-running  laser.  This  broad  3-dB  bandwidth  originates  from  the  moderate 
resonance  enhancement  of  the  cavity  mode.  This  resonance  compensates  the  RC  roll-off 
of  the  free-running  laser.  Therefore,  the  flat  frequency  response  and  broad  3-dB 
modulation  bandwidth  are  observed. 

Finally,  the  master  laser  is  tuned  to  the  edge  of  the  positive  frequency  detuning 
regime.  The  cavity  mode  becomes  observable,  showing  a  reduced  SMSR  and  increased 
wavelength  spacing  between  injection-locked  frequency  and  the  cavity  mode.  As  shown 


26 


in  Figure  2 -5(c),  the  wavelength  of  the  cavity  mode  is  shifted  to  the  longer  wavelength 
compared  with  the  original  wavelength  of  the  free-running  slave  laser.  The  shift  of  the 
cavity  mode  results  from  the  carrier  density-dependent  refractive  index  change  in  the 
injection-locked  laser  [36,  40].  The  injection  of  photon  from  the  master  laser  depletes 
carrier  in  the  slave  laser.  In  the  optical  spectrum  in  Figure  2-5(c),  the  wavelength 
difference  between  the  injection-locked  wavelength  and  cavity  mode  is  measured  as 
0.264  nm  (=  33  GHz).  Correspondingly,  the  resonant  peak  is  located  at  33  GHz  in  the 
frequency  response  in  Figure  2-5(f).  The  resonant  peak  originates  from  the  resonance 
enhancement  of  the  cavity  mode.  Since  the  cavity  mode  is  on  the  longer  wavelength  side, 
only  the  upper  wavelength  sideband  is  resonantly  amplified.  This  can  be  used  for  single 
sideband  modulation  and  will  be  discussed  in  detail  in  Chapter  3.  The  amount  of  the 
wavelength  shift  and  the  power  evolution  of  the  cavity  mode  is  a  strong  function  of 
injection  locking  parameters,  which  allow  us  to  control  the  height  and  frequency  of  the 
resonant  peak. 
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Figure  2-5.  Experimentally  measured  optical  spectra  ((a)-(c))  and  frequency  responses  of  an  ultra¬ 
strong  optical  injection-locked  laser  ((d)-(f))  for  various  detuning  conditions.  The  injection  ratio 
is  kept  at  12  dB.  (a)  and  (c):  frequency  detuning  Af=  -42  GFlz;  (b)  and  (d):  Af=  -14  GFlz;  (c)  and 
(f):  Af=  22  GFlz.  For  comparison,  optical  spectrum  and  frequency  response  of  the  free-running 
laser  are  depicted  as  dot  lines  in  (a)  and  (c),  respectively.  Three  vertical  solid  lines  in  the  optical 
spectra  represent  positive  detuning  edge,  free-running  lasing  wavelength,  and  negative  detuning 
edge  from  left  to  right. 
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2.4  Theoretical  Model 


Recently,  several  researchers  have  investigated  and  demonstrated  the  resonance 
frequency  increase  in  directly-modulated  semiconductor  lasers  with  strong  optical 
injection  locking,  both  experimentally  and  theoretically  [10,  32,  36,  37,  42,  49].  To  model 
the  three  distinctive  frequency  responses  observed  experimentally,  the  dynamics  of 
injection-locked  lasers  are  simulated  by  rate  equations  which  couple  the  temporal 
variations  of  the  amplitude,  the  phase  and  the  number  of  carriers  of  the  slave  laser: 

-^  =  \s\u^{t)-Nth'\A(t)  +  KAinjcos(l)(t)  (2-2) 

=  sin ^(t) - 2irAf  (2.3) 

^  =  J~ rM*) ~{rP+g [N{t) - Nth ] }  A2 (t)  (2.4) 

where  Aft)  is  the  field  amplitude,  defined  as  A2 (t)=S ft),  where  Sft)  is  the  photon  number. 
(/At)  is  the  phase  difference  between  the  temporal  laser  field  of  the  slave  laser  and  master 
laser.  Nft)  is  the  carrier  number  and  J  is  the  injection  current.  For  all  calculations  done  in 
this  section,  J  is  set  at  3-J,/,.  Nth  is  the  threshold  carrier  number,  g  is  the  linear  gain 
coefficient,  yP  is  the  photon  decay  rate,  k  (=  l/r,-„)  is  coupling  coefficient,  xm  is  the  cavity 
round-trip  time  of  the  slave  laser,  a  is  the  linewidth  enhancement  factor  of  the  slave  laser, 
and  y.y  is  the  carrier  decay  rate.  Nt/,  also  defines  the  carrier  number  at  the  onset  of  lasing, 
and  contains  both  transparency  carrier  number  and  photon  loss  rate:  Nth  =  Nlr  +/P/  g . 

The  values  used  for  the  calculation  are  listed  in  Table  2-3.  Regarding  the  injection 
condition,  A ,-n/  is  the  field  amplitude  injected  into  the  slave  laser  and  Af  is  the  lasing 
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frequency  difference  (i.e.,  frequency  detuning)  between  the  master  and  the  free-running 
slave  lasers.  Dynamics  of  the  slave  laser  are  governed  by  the  injection  locking  parameters, 
including  frequency  detuning  Af  and  injection  power  ratio  R  (=  A  in/ A  free),  where  A free  is 
the  field  amplitude  of  the  free-running  slave  laser. 


Symbol 

Quantity 

Value 

g 

linear  gain  coefficient 

5.667  x  103  s'1 

Nth 

threshold  carrier  number 

2.088  x  108 

K 

coupling  coefficient 

1.002  x  1011  s'1 

a 

linewidth  enhancement  factor 

3 

carrier  decay  rate 

1/(1  x  10'9  s) 

yp 

photon  decay  rate 

1/(3  x  10'12  s) 

Table  2-3.  Values  used  for  calculations 


By  applying  small-signal  linear  approximation  and  stability  analysis  to  the  above 
rate  equations  [9,  17,  22],  the  injection  locking  range,  AcoL,  and  locking  stabilities  can  be 
derived  and  plotted 
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where  Aq  is  the  stationary  amplitude  of  the  slave  laser  under  optical  injection.  The  regions 
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of  injection  locking  stability  are  shown  as  a  function  of  injection  locking  parameters  in 
Figure  2-6.  Equation  (2.5)  and  Figure  2-6  illustrate  that  stronger  optical  injection 
broadens  the  stable  injection  locking  range. 


Figure  2-6.  Injection  locking  stability  as  a  function  of  injection  ratio  R  and  frequency  detuning  Af 
Stronger  optical  injection  broadens  locking  range. 


Using  the  small-signal  approximation  of  the  coupled  rate  equations,  the  small-signal 
modulation  response  of  the  injection-locked  lasers  can  be  derived  as  [36,  86] 


H(s)  = 


1  .  (  ai2fl23^ 

—  gAo  s  +  a 22 - 

2  y  ai3  y 

s  +As  +B  s  +  C 


(2.6) 


A  =  an  +  ai2  +  an 


(2.7) 
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B  =  anas3  +  022033  +  auan  -  cnian  -  ancm 


(2.8) 


C  =  anaixm  —  ananas  +  cmancm  —  cmanan 


(2.9) 


where 
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Figure  2-7  shows  the  calculated  frequency  responses  of  the  injection- locked  lasers. 
The  frequency  responses  calculated  from  equation  (2.6)  are  normalized  by  the  free- 
running  DC  optical  power  for  amplitude  response  comparison.  To  confirm  the  various 
modulation  responses  depending  on  frequency  detuning  values,  the  frequency  detuning 
values  are  varied,  while  fixing  the  injection  ratio  at  10  dB. 

As  shown  in  Figure  2-7,  the  calculated  frequency  response  at  large  negative  detuning 
(4/  =  -60  GHz)  shows  an  increase  of  low  frequency  amplitude  response.  A  broad  3-dB 
bandwidth  is  attained  when  the  frequency  detuning  Af  is  set  at  -5  GHz,  which  is  near  the 
center  of  the  locking  range.  A  high  resonant  peak  at  48.3  GHz  is  demonstrated  at  the 
detuning  value  Af  of  42  GHz.  These  distinctive  modulation  characteristics  of  ultra-strong 
optical  injection-locked  lasers  are  well  matched  with  the  measurement  results  shown  in 
Section  2.2.3.  In  addition,  the  frequency  of  the  resonant  peak  is  controllable  and  can  be 
increased  with  stronger  injection.  By  performing  a  small-signal  linear  analysis  on  the 
coupled  rate  equations,  we  can  derive  an  approximate  formula  for  the  resonance 
frequency,  cqr,  of  the  injection-locked  laser  [36,  40], 
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(2.5) 


COr  ~  COR0  +  K 


f  a 

inj 


\A0  J 


sin2  (/)0 


where  coro  is  the  relaxation  oscillation  frequency  of  the  free-running  slave  laser  and  (f>o  is 
the  steady-state  phase  difference  between  the  injection-locked  slave  laser  and  the  master 
laser.  Here,  we  see  that  increasing  the  injection  ratio  enhances  the  resonance  frequency. 


Figure  2-7.  Calculated  frequency  responses  of  ultra-strong  (R  =  10  dB)  injection-locked  lasers 
under  various  frequency  detuning  values. 

Figure  2-8  shows  the  calculated  frequency  response  curves,  where  the  resonance 
frequency  increases  with  injection  ratio.  In  Figure  2-9  and  2-10,  amplitude  and  resonance 
frequency  evolution  of  injection-locked  lasers  are  shown  as  a  function  of  frequency 
detuning  throughout  an  entire  locking  range.  For  the  calculations,  injection  ratio  is  set  at 
10  dB.  The  amplitude  of  the  injection-locked  laser  increases  at  large  negative  frequency 
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detuning.  Consequently,  three  distinctive  locking  regimes  match  well  with  the 
experimental  observations. 


Figure  2-8.  Calculated  frequency  responses  for  various  injection  ratios.  Frequency  detuning  Af  is 
set  at  the  positive  edge  of  the  locking  range. 
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Figure  2-9.  Normalized  amplitude  of  an  injection-locked  laser  as  a  function  of  frequency  detuning. 
Injection-locked  amplitude,  AWJ  is  normalized  by  the  free-running  amplitude  Afree. 


Figure  2- 1 0.  Resonance  frequency  as  a  function  of  frequency  detuning. 
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2.5  Broad  3-dB  Bandwidth  and  High  Resonance  Frequency  with  Narrowband 
RF  Gain 

As  demonstrated  in  Sections  2.3  (experimentally)  and  2.4  (theoretically),  the 
resonance  frequency  and  the  3-dB  bandwidth  of  ultra-strong  injection-locked  lasers  are 
greatly  improved  by  stronger  injection.  Figure  2-1 1(a)  and  (b)  are  optical  spectra  of  the 
ultra-strong  injection-locked  laser  showing  the  tunability  of  the  spacing  between  the 
injection-locked  wavelength  and  cavity  mode.  In  the  measurement,  injection  ratio  is  fixed 
at  16  dB  and  frequency  detuning  is  changed  from  7.5  GHz  (Figure  2- 11  (a))  to  38  GHz 
(Figure  2-1 1(b)).  When  the  master  laser  is  injected  more  into  the  positive  frequency 
detuning  edge  (i.e.,  shorter  wavelength  side),  spacing  between  the  injection-locked  and 
cavity  modes  are  increased  from  36  GHz  (Figure  2- 11  (a))  to  71  GHz  (Figure  2- 11(b)).  By 
adjusting  the  frequency  detuning,  tunable  resonance  frequency  can  be  achieved. 


Figure  2-11.  Measured  optical  spectra  showing  the  tunability  of  cavity  mode  at  an  injection  ratio 
of  R  =  16  dB.  (a)  Af=  7.5  GHz  (b)  Af=  38  GHz. 
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Two  representative  modulation  responses  are  shown  by  optimizing  the  injection  ratio 
and  frequency  detuning.  One  of  the  improvements  allows  us  to  obtain  broad  3-dB 
bandwidth.  Figure  2-12  shows  the  frequency  response  of  an  injection-locked  laser  with 
injection  ratio  of  18  dB  and  frequency  detuning  of  -22  GHz.  The  3-dB  bandwidth  is  33 
GHz,  which  is  four  times  higher  than  the  free-running  bandwidth.  To  achieve  enhanced 
resonance  frequency,  the  injection  ratio  and  frequency  detuning  are  tuned  to  16  dB  and 
+8  GHz,  respectively.  A  high  resonance  frequency  of  3 1  GHz  with  enhanced  modulation 
efficiency  of  13  dB  is  observed  as  shown  in  Figure  2-13.  These  results  illustrate  that 
strong  optical  injection  locking  can  be  optimized  for  different  applications. 


Figure  2-12.  Experimental  results  showing  broadband  response.  The  injection  ratio  R  is  set  at  18 
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Figure  2-13.  Experimental  results  showing  a  high  resonance  frequency  with  a  narrowband 
enhancement  of  RF  response  of  13  dB. 


2.6  Summary 

We  experimentally  investigated  the  optical  properties  and  electrical  modulation 
characteristics  of  ultra-strong  ( R  ~  10  dB)  injection-locked  DFB  lasers.  Measured 
frequency  responses  exhibit  three  distinctive  modulation  characteristics,  depending  on  the 
frequency  detuning  values. 

In  the  large  negative  detuning  regime,  the  optical  spectrum  shows  a  single  mode 
spectrum  with  high  SMSR.  The  frequency  response  shows  enhanced  modulation 
efficiency  in  low  frequency.  Broad  3-dB  bandwidth  has  been  demonstrated  when  the 
frequency  detuning  is  set  around  the  center  of  the  locking  regime.  A  flat  modulation 
response  has  been  attained  by  compensating  laser  parasitics-limited  response  with  the 
resonance  of  the  cavity  mode.  At  the  edge  of  the  positive  detuning  regime,  the  frequency 
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response  exhibits  a  pronounced  resonance  peak  at  high  frequency  (>  30  GHz).  The 
optical  spectrum  showed  both  the  injection-locked  frequency  and  cavity  mode.  The 
resonance  frequency  is  equal  to  the  difference  between  the  locked  and  the  cavity  mode 
frequencies. 

These  experimental  results  agree  well  with  the  calculation  using  coupled  rate 
equations.  By  optimizing  ultra-strong  injection  locking  conditions,  we  have 
experimentally  demonstrated  broad  3-dB  bandwidth  of  33  GHz  and  a  resonance 
frequency  of  31  GHz  with  a  narrowband  RF  enhancement  of  13  dB.  The  distinctive 
optical  properties  and  modulation  performances  can  be  exploited  in  various  applications 
such  as  analog  fiber  optic  links,  broadband  digital  communications,  RF  photonics  and 
opto-electronic  oscillators. 
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Chapter  3  Optical  Single  Sideband  Generation  Using  Strong  Optical 
Injection-Locked  Semiconductor  Lasers 

3.1  Asymmetric  Modulation  Sidebands  in  Strong  Optical  Injection-Locked 

Lasers 

A  novel  single  sideband  (SSB)  modulation  technique  is  demonstrated  using  direct 
modulation  of  strong  injection-locked  semiconductor  lasers.  Under  certain  frequency 
detuning  conditions,  we  have  found  that,  in  addition  to  enhancement  of  resonance 
frequency  and  reduction  of  chirp,  the  lower  frequency  (i.e.,  longer  wavelength)  sideband 
is  enhanced,  resulting  in  a  12-dB  asymmetry  for  20-GHz  RF  modulation  sidebands.  This 
is  due  to  the  resonant  amplification  of  the  modulation  sideband  on  the  longer  wavelength 
side  by  the  cavity  mode  [36,  41].  The  amount  of  the  asymmetry  depends  on  the  frequency 
detuning,  Af.  We  have  measured  the  RF  perfonnance  of  the  free-running  and  injection- 
locked  link  over  80-km  fibers.  The  dispersion-limited  RF  bandwidth  has  been  increased 
by  this  SSB  scheme. 

3.2  Principles  and  Experimental  Results 

Figure  3-1  illustrates  the  concept  of  the  optical  SSB  generation  by  direct  modulation 
of  strong  optical  injection-locked  semiconductor  lasers.  Strong  injection- locked  lasers 
tuned  in  certain  locking  regime  -  typically  tuned  towards  positive  frequency  detuning  - 
exhibit  both  an  injection-locked  frequency  fnj  and  a  residual  cavity  mode  fc,  as  shown  in 
Figure  3- 1(b)  [36,  40]. 
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Free-running  laser 


Injection-locked  laser 


Figure  3-1.  Optical  spectra  illustrating  optical  single  sideband  generation  in  directly-modulated 
semiconductor  lasers  with  strong  optical  injection  locking,  (a)  Optical  spectrum  of  a  free-running 
laser  without  RF  modulation,  (b)  Optical  spectrum  of  an  injection-locked  laser  without  RF 
modulation,  (c)  Optical  spectrum  of  a  free-running  laser  modulated  by  RF  signal,/,,,  (d)  Optical 
spectrum  of  an  injection-locked  laser  modulated  by  RF  signal,/,,. 
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Directly-modulated  free-running  lasers  generate  symmetric  modulation  sidebands  on 
both  upper  and  lower  sides  of  an  optical  carrier  f0  regardless  of  modulation  frequency 
(Figure  3-l(c)).  However,  when  the  injection-locked  laser  is  modulated  by  RF  signals  at 
fn  close  to  the  frequency  difference  between  the  injection-locked  and  cavity  mode 
frequencies  (fm  ~  fnj  -  fc),  the  modulation  sidebands  become  asymmetric  because  the 
lower  modulation  sideband  (=  longer  wavelength)  is  resonantly  amplified  by  the  cavity 
mode.  The  asymmetry  can  be  optimized  by  fine-tuning  injection  locking  parameters. 

Figure  3-2  shows  the  experimental  setup  to  demonstrate  the  optical  SSB  generation 
using  the  strong  injection-locked  DFB  lasers.  To  demonstrate  transmission  performance, 
an  80-km-long  optical  fiber  with  negative  dispersion  (Corning  MetroCor,  D  ~  -8 
ps/km/nm)  is  added  to  the  link.  To  compensate  for  the  loss  of  the  fiber  link,  the 
transmitted  signal  is  amplified  by  an  EDFA.  The  transmission  performance  will  be 
presented  in  Section  3.4.  Figure  3-3  shows  the  measured  optical  spectra  of  the  strong 
injection-locked  DFB  laser  with  various  frequency  detuning  values.  The  laser  is 
modulated  at  fm=  15  GHz.  The  injection  ratio  is  kept  constant  at  1 1  dB.  In  the  unlocked 
state  (Figure  3-3(a)),  both  wavelengths  from  the  slave  and  the  master  laser  exist.  The 
modulation  sidebands  of  the  slave  laser  are  symmetric.  When  the  master  laser  wavelength 
is  tuned  to  the  edge  of  the  negative  frequency  detuning  regime  (Figure  3 -3(b)),  only  one 
optical  carrier  at  the  master  laser’s  wavelength  exists.  Modulation  sidebands  are  still 
symmetric.  Finally,  the  injection-locked  laser  tuned  towards  positive  frequency  detuning 
shows  asymmetric  modulation  sidebands  (Figure  3 -3(c)  and  (d)).  The  longer  wavelength 
sideband  is  resonantly  amplified.  The  asymmetry  can  be  maximized  by  optimizing 
frequency  detuning  as  shown  in  Figure  3 -3(d). 
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Figure  3-2.  Experimental  setup  for  optical  single  sideband  generation.  (ECTL:  external  cavity 
tunable  laser;  EDFA:  Erbium-doped  fiber  laser;  Attn.:  optical  attenuator;  Pol.  cont.:  polarization 
controller;  OSA:  optical  spectrum  analyzer;  RF-SA;  RF  spectrum  analyzer) 
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(a) 


(b) 


(c)  (d) 


Figure  3-3.  Measured  optical  spectra  showing  asymmetry  between  modulation  sidebands  in 
injection-locked  DFB  lasers,  (a)  Af  =  -43  GFlz  (b)  Af  =  -37  GFlz  (locked)  (c)  Af  =  -25  GFlz 
(locked)  (d)  Af  =  2  GFlz  (locked).  The  injection  ratio  R  is  fixed  at  1 1  dB  and  the  RF-modulation 
frequency  f„  is  15  GFlz.  Injection-locked  lasers  operating  with  positive  detuning  side  exhibits 
pronounced  asymmetry  as  shown  in  (d). 
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Figure  3-4  shows  the  measured  optical  spectra  of  the  RF-modulated  slave  laser  (fm  = 
20  GHz)  under  (a)  free-running,  and  (b)  injection  locking  with  -8.2  GHz  and  (c)  -38  GHz 
detuning.  As  shown  in  Figure  3-4  (b),  the  asymmetry  is  maximized  when  d/'is  set  at  -  8.2 
GHz.  Figure  3-5  shows  the  corresponding  frequency  responses.  The  relaxation  oscillation 
frequency  of  the  free-running  laser  is  approximately  3  GHz.  When  the  laser  is  injection- 
locked,  the  enhancement  or  damping  of  the  new  resonance  frequency  is  observed.  For  Af 
=  -8.2  GHz,  the  injection-locked  laser  shows  the  enhanced  resonance  frequency  (>  20 
GHz)  beyond  the  measurable  range  of  our  equipment  at  that  time.  The  injection-locked 
laser  shows  highly-damped  frequency  response  for  Af=-  38  GHz.  The  phenomena  are 
explained  by  the  cavity  resonance  in  Chapter  2. 

The  amount  of  asymmetry  is  controllable  by  varying  frequency  detuning,  Af  as 
shown  in  Figure  3-6.  The  asymmetry  is  maximized  when  Af  is  set  around  -10  GHz,  at 
which  the  spacing  between  injection-locked  and  cavity  mode  frequencies  is  tuned  to  the 
modulation  frequency  fn  (=  20  GHz).  When  the  detuning  value  is  set  to  the  negative 
detuning  edge  (Af  =  -40  GHz),  the  optical  power  difference  (=  Piower  -  Puppet)  becomes 
negligible,  showing  symmetric  modulation  sidebands.  This  characteristic  results  from  the 
evolution  of  the  cavity  mode  across  the  locking  range  as  discussed  in  Chapter  2.  Figure 
3-7  shows  the  measured  asymmetry  between  a  lower  and  upper  sideband  as  a  function  of 
modulation  frequency.  The  locking  conditions  are  fixed  at  Af =  -8.2  GHz  and  R  =  11  dB. 
The  asymmetry  is  maximized  when  the  injection- locked  laser  is  modulated  by  an  RF 
signal  at  22  GHz  because  the  injection-locked  and  cavity  mode  frequencies  are  spaced  by 
that  amount. 
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(a)  (b)  (c) 


Figure  3-4.  Measured  optical  spectra  of  RF-modulated  slave  laser  (fm  =  20  GFlz)  under  various 
conditions,  (a)  free-running;  (b)  injection  locking  with  Af=  -8.2  GFlz;  and  (c)  injection  locking 
with  Af=  -38  GHz. 


(a)  (b)  (c) 


Figure  3-5.  Measured  frequency  response  of  the  slave  laser  under  various  conditions,  (a)  free- 
running;  (b)  injection  locking  with  Af=  -8.2  GHz;  and  (c)  injection  locking  with  Af=  -38  GHz. 
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Figure  3-6.  Measured  optical  power  difference  between  lower  and  upper  sideband  versus 
frequency  detuning  with  fixed  modulation  frequency  at  20  GFlz. 


Frequency  Detuning  (GHz) 

Figure  3-7.  Measured  optical  power  difference  between  lower  and  upper  modulation  sidebands 
versus  modulation  frequency  with  a  fixed  frequency  detuning  Af =  -8.2  GFlz  and  injection  ratio  R 
~  11  dB. 
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3.3  Fiber  Chromatic  Dispersion  Effect  on  Modulation  Sidebands 

The  RF  link  performance  is  degraded  by  fiber  chromatic  dispersion  when  the  signal 
travels  through  optical  fibers.  Standard  modulation  generates  two  symmetric  signal 
sidebands  at  both  sides  of  the  optical  carrier.  The  dispersion  in  fibers  causes  a  walk-off  in 
the  phases  of  the  sidebands,  resulting  in  distance-  and  frequency-dependent  attenuation  of 
the  RF  signals  [87,  88].  This  imposes  a  limit  on  the  product  of  RF  carrier  frequency  and 
fiber  transmission  distance,  as  shown  in  Figure  3-8.  We  can  express  the  detected  RF 
power  from  an  optical  field  transmitted  through  optical  fibers.  Only  two  modulation 
sidebands  are  considered  for  simplicity,  which  is  a  good  approximation  for  small 
modulation  index  (m+  <  0.5  and  m.  <  0.5)  [89]. 


Modulation 

Sidebands 


Optical 

Carrier 


Chromatic  Dispersion  D 

07) 

_  Fiber  Length  z 


f0  ~  fn  fo  +  fn 


Figure  3-8.  Fiber  chromatic  dispersion  effect  on  RF  signal  transmission. 


Neglecting  fiber  transmission  loss,  the  optical  field  incident  on  a  photodetector  can 
be  expressed  by 


E  =  E  o 


TYl  + 

cos(coot  -j3oz)  +  [cOS((<Z>0  +  COm)t  -  /?  +  z)] 


+  [cos((<uo  -  COm)t  -  P  -  z)] 


(3.1) 
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where  coo  is  the  angular  frequency  of  the  optical  carrier  (=  Info),  com  is  the  angular 
frequency  of  RF  modulation  signal  (=  2nfm),  m+  and  m.  are  the  modulation  indices  for  the 
upper  and  the  lower  sidebands,  respectively.  /?o,  [L  and  [i.  are  the  propagation  constants  at 
the  corresponding  frequencies.  They  can  be  described  as  functions  of  angular  frequency: 

1 

P(c6)  —  P o  +  Pi(co  —  ®o)  +— Pi{a)— coo)  h —  (3.2) 


where  fio  is  the  constant  phase.  j>\  and  fh  are  the  first  and  second  derivative  of  the 
propagation  constant,  respectively.  Other  higher  order  terms  are  neglected.  Fiber 
dispersion  parameter  D  is  related  to  the  second  derivative  of  the  propagation  constant. 
By  using  co  =  2 nc  /  2  ,  fiber  dispersion  parameter  D  can  be  expressed  as 

2  nc 


D  =  -- 


2 


■P* 


(3.3) 


where  X  is  the  carrier  wavelength.  Because  the  photodetector  is  a  square  law  device,  the 
output  current  of  the  photodetector  can  be  expressed  as 


i  =  E-E*  oc  cos  6  ( —  h - )  +  sin"  9  ( - ) 

V  2  2  2  2 


(3.4) 


where  9-  /f  oP  z/2.  For  symmetric  sidebands  (m+=  m.),  (3.4)  becomes  the  general 
expression  describing  the  fiber  chromatic  dispersion  effect  on  symmetric  modulation 
sidebands. 


i  =  E  -E*  oc  cost?  =  cos(—  Pi  com2  z )  =  cosf^^  —  ^z)  (3.5) 

2  c 

Figure  3-9  and  Figure  3-10  show  the  calculated  RF  power  versus  liber  transmission 
length  and  modulation  frequency,  respectively.  The  interference  between  the  sidebands 
results  in  a  frequency  and  fiber  length  dependent  loss  as  described  in  (3.5).  By 
introducing  an  asymmetry  of  10  dB  between  the  modulation  sidebands,  the  power  penalty 
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can  be  greatly  alleviated  as  shown  in  Figure  3-11. 


Figure  3-9.  Calculated  RF  power  versus  fiber  transmission  distance  for  symmetric  modulation 
sidebands. 


GO 


Figure  3-10.  Calculated  RF  power  versus  modulation  frequency  for  symmetric  modulation 
sidebands. 
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Figure  3-11.  RF  power  versus  modulation  frequency  for  various  power  differences  between 
sidebands. 


3.4  Fiber  Transmission  Measurements 

The  SSB  fiber  transmission  response  is  experimentally  measured  and  nonnalized  to 
the  back-to-back  frequency  response  of  the  laser  using  the  setup  shown  in  Figure  3-1. 
Figure  3-12  shows  the  measured  optical  spectrum  under  RF  modulation  (fm  =  20  GFIz)  for 
the  injection-locked  laser  with  a  frequency  detuning  Af=  -8.2  GHz  and  an  injection  ratio 
R  ~  11  dB.  Modulation  sidebands  show  a  12-dB  asymmetry,  as  compared  to  the 
symmetric  modulation  sidebands  for  the  free-running  laser  as  shown  in  the  inset. 

Figure  3-13  shows  the  measured  transmission  response  through  80-km  of  negative 
dispersion  fibers.  In  the  free-running  state,  the  fiber  transmission  response  shows 
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pronounced  dips  of  up  to  27  dB  at  13  and  19  GHz.  The  dips  are  due  to  the  interference 
between  the  symmetric  sidebands.  The  increase  of  the  response  in  the  low  frequency 
range  is  due  to  the  laser  chirping  combined  with  the  liber  chromatic  dispersion  [87,  90]. 
The  RF  power  variation  has  been  reduced  to  7  dB  from  DC  to  20  GHz  for  the  injection- 
locked  laser.  It  is  interesting  to  note  that  the  low  frequency  hump  is  also  suppressed  due 
to  chirp  reduction. 


Freqeuncy  (THz) 

Figure  3-12.  Measured  optical  spectrum  of  RF-modulated  injection-locked  laser  (fm  =  20  GHz). 
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Figure  3-13.  Measured  fiber  transmission  response  for  a  free-running  laser  and  injection-locked 
laser. 


3.5  Summary 

Optical  single  sideband  generation  using  strong  optical  injection-locked  lasers  has 
been  demonstrated.  The  asymmetric  modulation  sidebands  are  achieved  by  utilizing  the 
resonantly-amplified  modulation  sideband  in  strong  injection-locked  lasers.  The 
asymmetry  is  controllable  and  depends  on  the  frequency  detuning  of  injection-locked 
lasers.  By  increasing  the  asymmetry  and  generating  near-single  sideband,  the  dispersion- 
limited  power  penalty  of  directly-modulated  link  has  been  greatly  reduced  across  a  20- 
GHz  band  after  80-km  transmission,  a  20-dB  improvement  over  the  free-running  laser. 
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Chapter  4  Optically  Injection-Locked  Gain-Lever  Distributed  Bragg 
Reflector  (DBR)  Lasers  with  Enhanced  RF  Performances 

4.1  Fiber-Optic  Link  Gain  Improvement 

Low  RF  link  loss  and  small  nonlinear  distortions  are  needed  to  achieve  good  analog 
performance.  Unlike  externally  modulated  links,  the  link  loss  of  directly-modulated  links 
is  independent  of  the  optical  power.  Rather,  it  is  proportional  to  the  square  of  the 
electrical-to-optical  (E/O)  conversion  efficiency.  This  results  in  high  link  loss  for  most 
directly-modulated  links.  Several  approaches  have  been  proposed  to  increase  the 
modulation  efficiency  of  semiconductor  lasers,  including  gain-lever  modulation  [91-93] 
and  cascade  lasers  [94-96].  Narrowband  techniques  such  as  resonant  modulation  are 
outside  the  scope  of  this  Chapter.  Cascade  lasers  achieve  higher  efficiency  by  recycling 
the  RF  modulating  current  through  multiple  lasers  that  are  connected  in  series.  It  was  first 
proposed  using  discrete  lasers  [94],  as  shown  in  Figure  4-1. 


Figure  4-1.  Schematic  of  link  gain  improvement  by  series-connected  lasers,  after  [94]. 
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Using  the  serial  connection  of  six  discrete  lasers,  positive  link  gain  of  3.78  dB  was 
demonstrated.  However,  the  measured  link  bandwidth  was  about  60  MHz,  while  the  3-dB 
bandwidth  of  the  individual  lasers  is  greater  than  3  GHz.  This  is  due  to  the  parasitics  of 
the  series  connected  lasers.  To  overcome  the  limitation  and  achieve  a  bandwidth  closer  to 
the  individual  components,  monolithically  integrated  versions  were  proposed  using 
surface-emitting  lasers  [95]  (Figure  4-2(a))  and  edge-emitting  lasers  [96]  (Figure  4-2(b)). 
Improved  link  performances  has  been  demonstrated  exhibiting  >  100  %  differential 
efficiency  and  an  SFDR  of  120  dB-  Hz2/3  operating  at  500  MHz  [96]. 


Vertically  Integrated  Laterally  Integrated 


(a)  (b) 


Figure  4-2.  Monolithic  versions  of  cascaded  lasers  (a)  vertically  integrated  (b)  laterally  integrated 


4.2  Gain-Lever  Modulation  Combined  with  Optical  Injection  Locking 

Among  the  techniques  discussed,  the  gain-lever  lasers  are  simple  structurally  and 
directly  compatible  with  standard  fabrication  process  of  conventional  lasers.  The  gain- 
lever  lasers  take  advantage  of  the  nonlinear  gain-versus-current  characteristics  in 
quantum- well  gain  media.  Figure  4-3  illustrates  the  principle  of  gain-lever  modulation. 
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The  modulation  efficiency  is  increased  by  modulating  one  of  the  two-gain  section,  which 
is  biased  at  a  higher  slope  of  the  gain  profile  while  maintaining  a  constant  total  gain  [91]. 
GaAlAs/GaAs  single  quantum  well  (QW)  [91,  92]  and  InGaAsP/lnP  multiple  QW  [93] 
gain-lever  lasers  have  been  demonstrated.  Unfortunately,  the  improved  amplitude 
modulation  (AM)  efficiency  is  obtained  at  the  expense  of  linearity.  Furthermore,  the 
previous  gain-lever  devices  were  Fabry-Perot  (F-P)  lasers  operating  in  multiple 
longitudinal  modes,  and  are  not  suitable  for  practical  system  applications. 


Figure  4-3.  Gain- lever  effect  in  semiconductor  lasers. 
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In  this  chapter,  the  optical  injection  locking  is  combined  with  gain-lever  modulation 
to  simultaneously  enhance  AM  efficiency,  increase  bandwidth,  and  suppress  nonlinear 
distortions.  Figure  4-4  illustrates  the  advantages  of  this  approach.  We  use  distributed 
Bragg  reflector  (DBR)  lasers  with  two  gain  as  well  as  a  phase  and  a  grating  sections  to 
achieve  single  mode  operation  with  a  sidemode  suppression  ratio  of  >  35  dB.  With 
optical  injection  locking,  a  10-dB  increase  in  AM  efficiency  and  a  15-dB  suppression  of 
third-order  intermodulation  distortions  (IMD3)  have  been  demonstrated,  in  addition  to 
increased  modulation  bandwidth. 


Figure  4-4.  Benefits  of  injection-locked  gain-lever  lasers  in  terms  of  modulation  response. 

4.3  Device  Fabrication:  Gain-Lever  DBR  Lasers 

The  gain-lever  DBR  laser  consists  of  four  sections;  a  grating,  a  phase,  and  two- 
electrically  isolated  gain  sections.  The  grating  and  phase  sections  are  designed  to  achieve 
coarse  and  fine  wavelength  tuning  with  single-mode  operation.  Various  split  ratios, 
defined  as  the  length  of  the  small  section  divided  by  the  total  length,  between  the  gain 
sections  are  used  to  investigate  the  optimum  gain-lever  geometry.  The  laser  is  realized  in 
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a  capped  mesa  buried  heterostructure  (CMBH).  Figure  4-5(a)  illustrates  the  cross-section 
structure,  and  Figure  4-5(b)  shows  the  top-view  of  the  fabricated  gain-lever  DBR  laser. 
After  epitaxial  growth  of  the  CMBH,  a  ridge  of  3  ~  4-pm  height  is  formed  to  reduce 
parasitic  capacitance.  A  500-nm  layer  of  silicon  nitride  passivates  the  surface.  P-metal 
contacts  for  the  grating,  phase,  and  gain  sections  are  formed  using  Ti/Pt/Au.  The  bottom 
n-contact  comprises  Au/Sn/Au.  The  contact  resistance  obtained  was  typically  less  than  10 
Q  after  annealing.  A  final  isolation  etch  of  0.5-pm  depth  is  performed  to  increase  the 
electrical  isolations  among  the  different  sections.  The  resistance  between  sections  is 
greater  than  4  kfh 
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Chip  Length  =  907  pm 
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Figure  4-5.  (a)  Illustration  of  the  cross-sectional  structure  (b)  Top-view  of  a  fabricated  device. 
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4.4  Experimental  Results 

4.4.1  DC  Performance  of  Gain-Lever  DBR  Lasers 

Figure  4-6  shows  the  experimental  setup  for  measuring  the  perfonnance  of  the  gain- 
lever  DBR  laser  with  optical  injection  locking.  For  the  all  the  measurements  presented  in 
this  chapter,  the  gain-lever  DBR  laser  with  a  split  ratio  of  0.5  is  used.  Figure  4-7  shows 
the  measured  optical  spectra  of  the  free-running  gain-lever  DBR  laser.  Wide  wavelength 
tunability  of  2.5  mn  has  been  achieved  by  varying  grating  current  with  high  SMSR  of  > 
35  dB.  Fine  wavelength  tuning  is  also  achieved  by  modulating  the  phase  section. 


Figure  4-6.  Experimental  setup  for  measuring  RF  performances  of  an  injection-locked  gain-lever 
DBR  laser. 
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The  DC  light-versus-current  (L-I)  curves  are  shown  in  Figure  4-8.  The  current  I2  (see 
Figure  4-6  for  the  definition  of  current  symbols)  is  fixed  at  50  or  25  mA  while  current  Ii 
is  varied  from  0  to  60  mA.  As  depicted  in  the  shaded  area  in  Figure  4-8,  a  three-fold 
increase  of  the  quantum  efficiency  (equivalent  to  an  RF  efficiency  increase  of  9.5  dB)  is 
achieved  when  the  RF  modulation  section  (=  fi)  is  biased  at  a  low  level  (<  5  mA). 
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Figure  4-7.  Wavelength  tunability  of  a  gain-lever  DBR  laser. 
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Figure  4-8.  Measured  L-I  curves  showing  the  effect  of  gain-lever  modulation. 


4.4.2  Modulation  Performance  of  Gain-lever  DBR  Lasers 

The  modulation  response  of  the  gain-lever  DBR  laser  with  a  split  ratio  of  0.5  is 
shown  in  Figure  4-9  for  various  bias  currents.  As  the  bias  current  on  the  modulation 
section  (=  Ii)  decreases,  the  differential  gain  increases  producing  a  higher  modulation 
response.  Compared  with  the  uniformly  biased  condition  (Ii  =  25  mA  and  h  =  25  mA),  9- 
dB  improvement  in  modulation  efficiency  has  been  achieved  by  the  gain-lever 
modulation  (Ii  =  4  mA,  I2  =  25  mA).  However,  as  a  consequence  of  the  low  current  bias 
necessary  for  gain-lever  modulation,  the  modulation  bandwidth  decreases  compared  with 
the  laser  with  uniform  bias.  The  resonance  frequency  of  the  laser  is  decreased  from  5 
GHz  to  3  GHz.  To  verify  the  dependence  of  the  gain-lever  effect  on  the  location  of  the 
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modulation  section,  we  also  measured  the  frequency  response  with  the  RF  signal  applied 
to  the  other  gain  section  (h).  The  measurement  result  is  very  similar  to  that  of  modulation 
Ii  (Figure  4-10). 

Figure  4-11  is  the  measured  RF  spectra  when  F  is  modulated  by  a  2-GHz  RF  signal. 
For  the  uniform  bias  (F  =  50  mA  and  F  =  50  inA)  case,  the  second  hannonic  distortion 
(2HD)  is  measured  at  -24.1  dBc  and  the  third  harmonic  distortion  (3HD)  is  not 
observable.  The  received  RF  power  at  the  fundamental  tone  (=  2  GHz)  is  increased  by  1 1 
dB  when  the  laser  operates  in  gain-lever  mode  (F  =  4.5  mA  and  F  =  50  mA).  However, 
the  2HD  is  measured  at  -9.8  dBc  and  3HD  is  -24  dBc,  exhibiting  an  increase  of  14  dB 
and  >  24  dB,  respectively. 
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Figure  4-9.  Measured  modulation  responses  of  the  gain-lever  DBR  laser  for  various  operating 
conditions.  RF  signal  is  applied  to  the  section  facing  the  output  facet. 
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Figure  4-10.  Measured  modulation  responses  of  the  gain- lever  DBR  laser  for  various 
operating  conditions.  The  RF  signal  is  applied  to  the  gain  section  adjacent  to  the  phase  section. 
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Figure  4-11.  Measured  RF  spectra  of  directly-modulated  gain-lever  DBR  laser:  (a)  l!  =  50  mA,  I2 
=  50  mA;  (b)  Ii  =  4.5  mA,  I2  =  50  mA.  RF  modulation  frequency  is  2  GFlz. 
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4.4.3  Optical  Injection  Locking  of  Gain-Lever  DBR  Lasers 

The  linearity  and  modulation  bandwidth  of  the  gain-lever  DBR  laser  can  be 
improved  by  strong  optical  injection  locking  while  maintaining  the  enhanced  AM 
efficiency.  Figure  4-12  shows  the  schematic  of  the  directly-modulated  gain-lever  DBR 
lasers  with  optical  injection  locking. 


Master 

Laser 


Polarization 

Controller 


Wavelength 

Control 


DC 


DC  +  RF 


L  J  i  l 


— ,  non  , — k 

w  > 

Fiber-pigtailed  lens 

Grating  Phase 

Active 

output 


Figure  4-12.  Schematic  of  optically  injection-locked  gain-lever  DBR  lasers. 


The  modulation  bandwidth  of  the  gain-lever  DBR  laser  is  measured  using  the  setup 
in  Figure  4-6.  An  external  cavity  laser  is  used  as  a  master  laser;  the  output  of  the  master 
laser  is  amplified  by  an  EDFA  and  attenuated  with  an  inline  power  meter/attenuator 
before  injecting  into  the  gain-lever  DBR  laser.  The  output  of  the  gain-lever  DBR  laser  is 
monitored  by  an  optical  spectrum  analyzer  and  a  scanning  F-P  interferometer.  The  RF 
modulation  performance,  such  as  modulation  response,  RF  link  gain  and  SFDR,  are 
measured  by  a  network  analyzer  and  an  RF  spectrum  analyzer. 

The  frequency  response  of  the  gain-lever  DBR  laser  is  shown  in  Figure  4-13  for 
three  operating  conditions.  First,  in  the  free-running  gain-lever  state,  the  differential  gain 
increases,  resulting  in  a  higher  modulation  response  as  the  bias  current  on  the  modulation 
section  decreases.  Compared  with  uniform  bias  (fi  =  50  mA,  L  =  50  mA),  the  AM 
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efficiency  is  improved  by  ~12  dB  at  2  GHz  by  gain-lever  modulation  (Ij  =  4.5  mA,  h  = 
50  mA).  However,  there  is  a  trade  off  between  modulation  bandwidth  and  the  AM 
efficiency.  The  resonance  frequency  of  the  laser  decreases  from  5  GHz  to  3.6  GHz 
because  of  lower  total  current  in  gain-lever  biasing.  When  the  gain-lever  DBR  laser  is 
injection-locked  with  a  frequency  detuning,  Af  of  -20  GHz  and  an  injection  ratio  R  of  -8 
dB,  the  modulation  bandwidth  is  increased  to  7.8  GHz  while  maintaining  the 
enhancement  of  the  AM  efficiency.  The  enhancement  of  AM  efficiency  is  10  dB  around  2 
GHz,  and  is  greater  than  7  dB  from  DC  to  6  GHz. 


Figure  4-13.  Measured  frequency  responses  of  a  free-running  and  injection-locked  gain-lever 
laser  for  various  bias  conditions.  The  bias  currents  for  the  free-running  laser  with  uniform  bias:  1 , 
=  50  mA,  I2  =  50  mA;  free-running  gain-lever  state:  fr  =  4.5  mA,  I2  =  50  mA;  injection-locked 
gain-lever  state:  f  =  4.5  mA,  I2  =  50  mA. 
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The  frequency  detuning  controls  both  the  height  and  the  frequency  of  the  resonance 
peak,  as  shown  in  Figure  4-14.  Larger  positive  frequency  detuning  leads  to  high 
resonance  frequency  and  sharp  resonant  peaks.  This  result  is  consistent  with  the  woks 
discussed  in  Chapter  2. 


Figure  4-14.  Measured  frequency  response  of  an  injection-locked  gain-lever  DBR  laser  for 
various  frequency  detuning  values,  (f  =  4.5  mA,  I2  =  25  mA) 


Injection-locked  lasers  also  reduce  relative  intensity  noise  (RIN)  as  shown  in  Figure 
4-15.  RIN  of  the  gain-lever  DBR  laser  is  measured  by  amplifying  the  output  from  a 
photodetector  through  a  two-stage  RF  amplifier  (gain  =  60  dB).  The  noise  from  the 
photodetector  is  found  to  be  limited  by  RIN  of  the  laser,  not  by  shot  or  thermal  noise. 
This  is  confirmed  by  observing  the  relationship  between  the  noise  power  detected  in  RF- 
SA  and  the  optical  power  incident  on  the  photodetector.  When  the  optical  power  incident 
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on  the  photodetector  was  increased  by  1  dB,  the  noise  power  detected  in  RF-SA  increased 
by  2  dB.  Therefore,  the  link  that  we  investigate  can  be  considered  as  RIN-limited.  Figure 
4-15  shows  the  measured  RIN  for  the  gain-lever  DBR  laser  under  the  free-running  gain- 
lever  and  injection-locked  gain-lever  states.  The  RIN  of  the  free-running  laser  exhibits  a 
peak  at  its  relaxation  oscillation  frequency  (=  3  GHz).  When  the  gain-lever  DBR  laser  is 
injection-locked,  the  RIN  is  reduced  by  11  dB  for  both  frequency  detuning  values  of  -8 
GHz  and  -21  GHz.  The  RIN  of  the  injection-locked  laser  operating  in  the  larger  negative 
detuning  regime  (. Af=  -2 1  GHz)  exhibits  more  reduction  in  the  high  frequency  range  (>  7 
GHz)  while  the  injection-locked  laser  at  the  detuning  value  of  -8  GHz  shows  a  RIN  peak 
at  8.2  GHz.  The  RIN  peak  at  8.2  GHz  originates  from  the  resonance  frequency  of  the 
injection-locked  laser.  Injection-locked  laser  at  in  the  large  negative  detuning  regime 
exhibits  better  performance  in  RIN  reduction  because  its  resonant  peak  is  highly 
suppressed. 


Frequency  (GHz) 

Figure  4-15.  Measured  RIN  for  a  gain-lever  DBR  laser  under  free-running  and  injection-locked 
condition. 
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To  measure  the  2HD  and  3HD,  gain  section  1  is  modulated  by  a  single-tone  RF 
signal  (/'=  2  GHz).  The  second  hannonic  and  third  harmonic  frequencies  are  at  4  GHz 
and  6  GHz,  respectively.  DC  bias  condition  for  the  laser  is  set  at  Ii  =  4.5  inA  and  h  =  50 
inA  for  both  free-running  and  injection-locked  cases.  Injection  locking  parameters  are  R 
=  -8  dB  and  Af=  -20  GHz.  Figure  4-16  shows  the  measured  RF  spectra  of  the  laser  under 
gain-lever  modulation  with  and  without  optical  injection  locking.  For  the  free-running 
laser,  the  2HD  and  3HD  are  measured  to  be  -9.8  and  -24.0  dBc,  respectively.  With  optical 
injection  locking,  the  2HD  and  3HD  are  suppressed  to  -31.6  and  -41.8  dBc,  respectively. 
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Figure  4- 1 6.  Measured  RF  spectra  of  a  gain-lever  DBR  laser  modulated  by  a  single-tone  2-GHz 
RF  signal  for  a  (a)  free-running  gain-lever  and  (b)  injection-locked  gain-lever  laser. 


The  measured  2HD  as  a  function  of  the  modulation  frequency  is  shown  in  Figure 
4-17.  The  free-running  gain-lever  laser  (It  =  4.5  mA,  F  =  50  inA)  shows  a  maximum 
distortion  of  -9.8  dBc  at  2  GHz  because  the  modulation  frequency  is  close  to  the 
relaxation  oscillation  frequency  of  the  laser.  The  uniformly  biased  laser  (Ii  =  50  mA,  fr  = 
50  mA)  shows  the  maximum  distortion  at  4.5  GHz  near  the  relaxation  oscillation 
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frequency  corresponding  to  the  bias  condition.  The  2HD  of  the  uniformly  biased  laser  is 
lower  than  the  gain-lever  laser  because  of  higher  relaxation  oscillation  frequency.  In  the 
injection-locked  gain-lever  device,  the  nonlinearity  of  the  laser  is  suppressed  by  more 
than  20  dB  at  2  GHz,  compared  with  the  free-running  gain-lever  laser. 

To  measure  third  order  inter  modulation  distortion  (IMD3),  the  gain-lever  DBR  laser 
is  modulated  by  a  two-tone  RF  signal  (/}  =  2.0  GHz,/?  =  2.1  GHz).  As  shown  in  Figure 
4-18,  the  IMD3  for  the  free-running  laser  is  -37.2  dBc  In  comparison,  the  IMD3  of  the 
injection-locked  state  is  reduced  considerably  to  -52.2  dBc. 


Figure  4-17.  2HD  versus  modulation  frequency  for  various  operation  conditions.  The  second 
harmonic  product  is  measured  at  twice  the  RF  modulation  frequency. 
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Figure  4-18.  Measured  RF  spectra  of  a  gain-lever  DBR  laser  modulated  by  a  two-tone  RF  signal 
(ft  =  2.0  GI  Iz,  f  =  2.1  GFlz)  for  (a)  free-running  gain-lever  and  (b)  injection-locked  gain-lever 
states. 


One  of  the  important  figures-of-merit  for  fiber-optic  links  is  SFDR.  Figure  4-19 
shows  the  received  RF  powers  of  the  fundamental  and  the  third-order  inter-modulation 
product  (IMP3)  versus  the  input  RF  power  for  the  free-running  gain-lever,  free-running 
uniform  bias,  and  injection- locked  gain-lever  conditions.  The  received  fundamental 
powers  are  almost  equal  for  the  gain-lever  modulation  with  and  without  optical  injection 
locking,  both  showing  a  12-dB  increase  over  the  uniformly  biased  case.  The  SFDR  of  the 
injection-locked  gain-lever  DBR  laser  is  increased  by  12  dB  compared  with  the  free- 
running  gain-lever  states,  5  dB  by  IMP3  reduction  and  7  dB  by  RIN  reduction. 
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Figure  4-19.  Measured  SFDR  of  the  link  with  a  directly-modulated  gain-lever  DBR  laser. 


4.4.4  Ultra-Strong  Injection-Locked  Gain-Lever  DBR  Lasers 

The  performances  of  the  injection-locked  gain-lever  DBR  laser  under  ultra-strong 
injection  (R  =  11  dB)  have  been  investigated  experimentally.  The  ultra-strong  injection  is 
achieved  by  boosting  up  the  injection  power  from  a  master  laser  by  an  EDFA.  Figure 
4-20  shows  the  measured  optical  spectrum  of  the  injection-locked  gain-lever  DBR  laser 
under  R  =  11  dB  and  Af=  -2.4  GHz.  Optical  power  from  the  injection-locked  laser  is 
increased  by  17  dB  compared  with  the  free-running  laser  due  to  the  ultra-strong  injection. 

Figure  4-21  shows  the  measured  frequency  responses  of  the  free-running,  strong 
injection-locked  (R  =  -1  dB)  and  ultra-strong  injection-locked  (R  =  11  dB)  gain-lever 
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DBR  laser.  The  frequency  responses  are  plotted  after  de-embedding  the  raw  data  from  a 
network  analyzer  to  remove  the  RC  parasitic  effect  of  the  free-running  laser  [97].  The 
resonance  frequency  of  the  ultra-strong  injection-locked  gain- lever  DBR  laser  is 
increased  to  15.2  GHz  from  the  original  resonance  frequency  of  the  free-running  laser, 
3.5  GHz.  Furthermore,  AM  response  increases  by  13  dB  due  to  the  increased  optical 
power.  The  results  observed  in  this  measurement  are  agreed  well  with  the  results  on  the 
ultra-strong  injection  locking  of  DFB  lasers  discussed  in  Chapter  2. 


Figure  4-20.  Optical  spectra  of  a  free-running  gain-lever  DBR  laser  and  injection- locked  gain- 
lever  DBR  laser  under  R  =  1 1  dB  and  Af=  -2.4  GHz. 
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Figure  4-21.  Measured  frequency  responses  of  a  free-running,  strong  injection-locked  ( R  =  -1  dB), 
ultra-strong  (R  =  1 1  dB)  gain-lever  DBR  laser.  Frequency  detuning  Af  of  the  injection- locked 
states  is  fixed  at  -2.4  GFlz. 


RF  performances  of  the  ultra-strong  injection-locked  DBR  lasers  are  investigated  by 
direct  modulation  of  the  laser  with  a  2-GHz  RF  signal.  Figure  4-22  shows  the  measured 
RF  spectra  for  the  free-running  gain-lever  DBR  laser  and  the  ultra-strong  injection- 
locked  gain-lever  DBR  laser  under  2-GFIz  RF  modulation.  The  Fundamental  tone  at  2 
GHz  for  the  injection-locked  laser  exhibits  a  12.6-dB  improvement  of  AM  efficiency  on 
top  of  gain-lever  due  to  the  increased  optical  power.  The  2HD  is  reduced  from  -13.4  dBc 
to  -32.7  dBc.  Therefore,  a  32-dB  reduction  in  2HD  can  be  attained  at  equal  received  RF 
power. 
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Figure  4-22.  Measured  RF  spectra  of  a  directly-modulated  gain-lever  DBR  laser  with  RF  signal  at 
2  GFlz.  (a)  a  free-running  gain-lever  DBR  laser,  (b)  an  ultra-strong  injection- locked  gain-lever 
DBR  laser. 


4.5  Summary 

The  first  optically  injection-locked  gain-lever  distributed  Bragg  reflector  (DBR) 
laser  has  been  successfully  demonstratred.  The  gain-lever  DBR  laser  fabricated  exhibits 
high  sidemode  suppression  ratio  (SMSR)  of  >  35  dB  and  wide  tunabilty.  Amplitude 
modulation  (AM)  efficiceny  is  improved  by  11  dB  by  gain-lever  modulation  through  a 
proper  current  bias  on  two  gain  sections.  This  improvement  is  attained  at  the  expense  of 
the  laser  linearity.  By  combining  the  gain-lever  modulation  with  optical  injection  locking, 
modulation  bandwidth  of  the  laser  is  increased  by  three  times  over  the  free-runniong  laser 
while  maintaining  the  improved  AM  efficiency.  The  third-order  intennodulation 
distortion  (IMD3)  has  been  suppressed  by  15  dB  and  relative  intensity  noise  (RIN)  of  the 
laser  is  reduced  by  11  dB,  resulting  in  a  12-dB  improvement  in  spurious-free  dynamic 
range  (SFDR).  Ultra-strong  injection  (R  =  11  dB)  increases  AM  efficiency  by  12.6  dB  on 
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top  of  the  gain-lever  effect  with  improved  linearity.  This  new  modulation  scheme  would 
improve  the  link  loss,  noise  figure,  and  fidelity  of  directly  modulated  fiber-optic  links. 
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Chapter  5  Monolithic  Injection  Locking  in  Multi-Section 
Distributed  Feedback  (DFB)  Lasers 

5.1  Introduction 

The  experimental  setups  used  to  achieve  optical  injection  locking  often  require  two 
light  sources  -  an  external  cavity  laser  (ECL)  or  a  wavelength-matched  distributed 
feedback  (DFB)  laser  as  the  master  laser  and  another  semiconductor  laser  as  the  slave 
laser.  In  a  typical  injection  locking  system,  the  master  laser  is  isolated  from  the  slave 
laser  using  optical  isolators.  The  isolation  is  on  the  order  of  30  -  40  dB  with  an  insertion 
loss  of  1  -  3  dB.  Polarization  controllers  are  also  used  in  the  injection  path  to  maximize 
the  interaction  of  the  injected  signal  with  the  slave  laser.  For  strong  injection  locking,  the 
output  power  from  the  master  laser  needs  to  be  much  higher  than  the  slave  laser.  Often  an 
optical  amplifier  is  used  to  boost  the  master  laser  power  to  achieve  a  high  injection  ratio. 

Configuring  and  mounting  these  various  system  components  on  an  optical  bench  as 
shown  in  Figure  5- 1(a)  limits  the  portability  of  injection  locking  technology.  Although 
suitable  for  research  applications,  large-scale  multi-component  laser  systems  are  not 
suitable  for  field  use.  In  particular,  the  size  constraints  and  the  need  for  multiple  optically 
linked  system  elements  render  these  configurations  impractical  for  many 
telecommunications  applications.  Consequently,  a  need  exists  for  techniques  and  devices 
that  enable  the  broader  application  of  injection  locking  technology.  Further,  techniques 
are  sought  that  provide  improved  frequency  control  and  bandwidth  without  significantly 
increasing  fabrication  costs. 
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Figure  5-1.  Schematics  of  injection  locking  system:  (a)  Conventional  injection  locking;  (b)  New 
monolithic  injection  locking  scheme. 


To  overcome  these  issues,  a  monolithic  injection-locked  DFB  laser  with  two  separate 
gain  sections  are  proposed  and  demonstrated.  Figure  5- 1(b)  is  a  schematic  of  monolithic 
injection-locked  DFB  lasers.  In  two-section  DFB  lasers  with  strong  gratings,  each  section 
can  lase  by  itself.  Locking/unlocking  phenomenon  between  the  modes  from  individual 
sections  is  observed  by  tuning  the  bias  current  on  each  section.  When  biased  within  the 
proper  current  range,  the  two  sections  operate  at  the  same  wavelength  and  exhibit  a 
significant  increase  in  the  modulation  bandwidth  similar  to  optical  injection  locking  with 
an  external  master  laser.  In  addition,  the  nonlinear  distortions  such  as  second  harmonic 
and  intermodulation  distortions  are  also  suppressed.  Chirp  reduction  in  a  directly- 
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modulated  two-section  DFB  laser  is  also  demonstrated.  Using  the  monolithic  devices,  we 
achieved  a  >  2.5-dB  improvement  of  BER  performance  at  10-Gb/s  transmission  over  80- 
km. 


5.2  Principles  and  Device  Fabrication 

As  shown  in  Figure  5-2(a),  the  first  laser  section  Li  and  the  second  laser  section  L2, 
share  a  common  waveguide  layer  for  transmitting  light.  Accordingly,  both  laser  sections 
are  automatically  aligned  along  the  waveguide  and  share  a  common  laser  cavity.  The 
problems  of  optical  alignment  and  polarization  matching  that  would  occur  in  a 
conventional  injection  locking  configuration  are  thus  avoided.  Additionally,  each  laser 
section  typically  incorporates  a  shared  grating  that  is  incorporated  in  the  unitary  structure. 

Figure  5-2(b)  illustrates  the  priciples  of  independent  lasing  which  results  in  mutual 
locking  by  proper  current  tuning  at  each  section.  For  each  section  to  lase  independently,  a 
suitable  grating  is  chosen  such  that  each  laser  section  can  reach  its  own  lasing  threshold. 
In  order  to  evaluate  cavity  sizes  in  various  devices,  a  unitary  structure  of  length  L  having 
a  grating  with  a  coupling  constant  k  can  be  analyzed  in  terms  of  the  kL  product.  For 
devices  with  a  small  kL  product,  current  tuning  in  each  section  fails  to  achieve 
independent  operation  at  two  distinct  wavelengths.  Thus,  gratings  with  higher  coupling 
coefficients  are  particularly  suited  for  the  mutual  locking  purpose. 

Using  laser  wafer  material  supplied  by  our  collaborators,  Multiplex  Inc.,  we  have 
fabricated  multi-section  DFB  lasers.  Most  of  the  fabrication  processes  are  compatible 
with  the  gain-lever  DBR  lasers  presented  in  Section  4.3.  The  DFB  laser  is  designed  with 
a  very  strong  grating  such  that  the  kL  product  is  approximately  3  to  4  for  a  single-section 
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Figure  5-2.  Two-section  DFB  lasers  for  the  demonstration  of  mutual  locking  in  monolithic  DFB 
lasers:  (a)  Schematic  structure;  (b)  Longitudinal  cross-sectional  structure  illustrating  independent 
lasing;  (c)  Florizontal  cross-sectional  profile;  (d)  Scanning  electron  micrograph  (SEM)  of  the 
laser  before  metallization. 
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length  of  400  pm.  The  wafer  is  etched  to  form  an  approximately  3-4  pm  ridge  and 
silicon  nitride  is  used  as  a  passivation  layer  as  shown  in  Figure  5-2(c)  and  (d).  The  top 
metal  contact  is  split  into  two  or  three  sections  with  varying  split  ratio  between  sections. 
A  0.2-pm  etch  is  then  done  between  the  laser  sections  and  an  electrical  isolation  larger 
than  4  kf2  is  achieved.  An  anti -reflection  (AR)  coating  of  ~  0.2-pm  Zirconium  dioxide 
(Zr02)  layer  with  a  reflectivity  of  less  than  0.1%  is  deposited  on  one  facet  to  suppress  the 
Fabry-Perot  (F-P)  modes  of  the  cavity. 

5.3  Optimization  of  Multi-Section  DFB  Lasers  for  Mutual  Locking  Purpose 
5.3.1  Introduction 

For  the  mass  production  of  the  monolithic  injection-locked  DFB  lasers,  device  yield 
is  most  critical.  Therefore,  we  have  fabricated  various  versions  of  multi-section  lasers 
with  systematic  variations  of  coupling  coefficient  k,  waveguide  shape  and  cavity  length. 
By  fabricating  and  testing  devices  with  various  design  parameters,  an  optimized  laser 
structure  for  high-yield  and  unifonnity  has  been  achieved.  Figure  5-3  shows  various 
waveguide  and  multi-section  schematics  we  have  designed  and  fabricated.  The 
waveguides  are  depicted  as  red  solid  lines.  Blue  pads  are  drawn  to  represent  metal  pads 
for  DC-bias  and/or  high-speed  signal  modulation.  Electrical  isolations  between  laser 
sections  are  done  by  etching  the  area  between  laser  sections.  This  etching  is  done 
between  two  lasers  for  type  A,  B  and  D.  Additional  isolation  is  done  in  one  of  the  laser 
sections  in  type  C.  The  split  contact  version  (type  C)  offers  on-chip  control  of  frequency 
detuning  between  laser  sections.  In  terms  of  cavity  length,  all  the  device  types  are 
designed  to  have  three  different  total  cavity  lengths  of  600,  800  and  1000  pm. 
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Type  A :  Straight-bending 
(30  %  of  wafer) 


Type  B  :  All-bending 
(20  %  of  wafer) 


Type  C  :  3 -section -bending 
(10  %  of  wafer) 


Type  D  :  2 -section -straight 
(30  %  of  wafer) 


Figure  5-3.  Top-view  layout  of  various  waveguides  and  multi-section  laser  designs. 


5.3.2  Quarter- Wavelength  Shifted  DFB  Lasers  with  Bent  Waveguide 

To  further  improve  the  performance  of  the  monolithic  injection-locked  DFB  laser, 
the  use  of  quarter-wave-shifted  DFB  for  both  laser  sections  can  be  utilized.  Normal  DFB 
lasers  have  two  degenerate  modes  located  on  either  side  of  the  stopband  of  the  grating. 
They  are  usually  referred  to  as  -1  and  +1  modes.  Exactly  which  mode  of  the  laser  will 
lase  in  is  difficult  to  predict.  It  is  affected  by  the  terminating  phase  of  the  grating  at  the 
laser  facets,  and  the  reflectivity  of  the  facets.  The  situation  in  monolithic  optical 
injection-locked  laser  is  even  more  complicated. 

The  two-mode  degeneracy  of  the  DFB  laser  can  be  removed  by  using  quarter-wave 
shifted  gratings  for  both  the  master  and  the  slave  lasers.  This  is  expected  to  improve  the 
performance  of  monolithic  optical  injection  locking.  Quarter- wave  shifted  DFB  lasers 
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operate  in  single  longitudinal  mode  located  in  the  middle  of  the  stopband.  This  may  be 
able  to  increase  the  stability  of  optical  injection  locking.  By  employing  a  curved 
waveguide,  the  grating  pitch  in  the  middle  of  the  laser  becomes  larger.  This  results  in  a 
shift  of  the  grating  phases  between  the  two  straight  sections  of  the  waveguide  [98].  By 
properly  designing  the  waveguide  bend,  a  quarter  wave  phase  shift  can  be  achieved 
without  using  sophisticated  electron-beam  lithography.  Bent- waveguide  DFB  lasers  are 
compatible  with  the  standard  laser  fabrication  processes.  An  example  of  the  bent 
structures  is  shown  in  Figure  5-4.  The  bent  section  is  implemented  by  a  raised-sine 
function  as 

y(x)  =  0  ,  0<x<Li 

w  W  T  i  -  x 

y(x)  =  —(x-Li)  +  —  sm(7r - -)  ,  L\<x<  Li  +  2-  Lb  (5.1) 

Lb  n  Lb 

y(x)  =  2-W  ,  Li  +  2-Lb<x<L 

In  the  equations,  2-W  is  the  lateral  transition  in  y-coordinates  between  x  =  0  and  x  =  L.  L 
is  the  cavity  length  of  a  master  laser  or  slave  laser,  2-LB  is  the  length  of  bent  region  and  Li 
(=  L  -  Lj  -  2Lb)  is  the  length  of  the  straight  section.  As  well  as  varying  the  waveguide 
shapes  and  cavity  lengths,  coupling  coefficient  k  of  wafers  has  been  also  varied  by  two- 
different  wafer  growths  from  Multiplex,  Inc.  The  purpose  of  varying  k  is  to  achieve  more 
uniform  device  perfonnances  in  terms  of  mutual  locking.  The  effect  of  monolithic 
injection  locking  originates  from  independent  lasing  in  two  laser  sections.  Two 
independent  modes  from  each  section  are  mutually  locked  by  adjusting  bias  currents  on 
each  section.  Therefore,  kL  product  of  the  lasers  is  a  critical  parameter  that  characterizes 
the  possibility  and  the  degree  of  mutual  locking. 
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Bent  Waveguide  (Raised  Sine  function) 


Figure  5-4.  Straight-bent-bent-straight  waveguide  design  (type  A)  showing  lateral  displacement. 


The  kL  products  of  the  lasers  for  mutual  injection  locking  experiments  are 
summarized  in  Table  5-1.  The  kL  product  ranges  from  1.2  to  3.5. 


Total  cavity 

length  (pm) 

kL  product  of  a  single  laser  section 

Low  k  wafer  ( k  =  40  cm'1) 

High  k  wafer  ( k  =  70  cm'1) 

600 

1.2 

2.1 

800 

1.6 

2.8 

1000 

2.0 

3.5 

Table  5-1.  Coverage  of  kL  products 
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5.3.3  Device  Yield 


Using  the  systematic  variations  of  the  device  design,  we  have  fabricated  multi¬ 
section  DFB  lasers.  As  described  in  previous  section,  two  fabricated  wafers  contain  24 
device  types  (2x3x4=24,  two  wafers  with  different  k,  three  variable  cavity  lengths  and 
four  different  waveguide  shapes).  All  the  devices  fabricated  are  identified  by  their  own 
chip  ID  for  a  quick  and  efficient  device  testing.  The  fabricated  devices  have  been  tested 
for  single-mode  yield  first.  The  single-mode  test  has  been  performed  by  observing  SMSR 
as  well  as  threshold  current  and  optical  power.  Most  of  the  devices  show  uniform 
performance  in  terms  of  a  low  threshold  current  and  high  optical  power  (>  5  mW  at  3Tth). 

A  stable  single-mode  operation  with  high  SMSR  is  found  to  be  challenging  because 
of  multi-section  effects  and  high  kL  product.  In  multi-section  bent  waveguide  lasers,  the 
effect  of  the  quarter-wavelength  shift  is  sometimes  cancelled  out  or  becomes 
unpredictable  due  to  the  unwanted  coupling  between  laser  sections.  Figure  5-5  shows 
single-mode  yield  for  the  24  device  types.  A  total  728  devices  have  been  tested.  As  shown 
in  Figure  5-5,  straight  waveguide  lasers  with  two  sections  (type  D)  from  high  k  wafer 
exhibit  the  highest  single-mode  yield  of  98  %.  Summary  of  the  device  characterization  is 
shown  in  Table  5-2.  As  shown  in  Figure  5-5  and  Table  5-2,  devices  with  bent  waveguide 
exhibit  low  single-mode  yield.  Straight  waveguide  lasers  from  low  k  wafer  show  self¬ 
pulsation  in  the  GHz  range  due  to  a  weak  grating,  such  that  the  independent  lasing  or 
mutual  locking  can  not  be  achieved.  The  devices  with  straight  waveguide  and  high  kL 
product  are  the  best  candidates  to  enable  high  single-mode  yield  and  monolithic  injection 
locking. 


85 


I  Tested  Device 
]  Single-Mode  Device 


ABCD  ABCD  ABCD 
Device  Type 

(a) 
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Tested  Device 
Single-Mode  Device 


ABCD  ABCD  ABCD 
Device  Type 

(b) 


Figure  5-5.  Single-mode  yield  for  (a)  low  k  wafer  (b)  high  k  wafer. 


Device 

Type 

Waveguide 

structure 

Total  Cavity 

Length  (pm) 

Low  k  wafer 

High  k  wafer 

Straight- 

bending 

600 

A 

800 

1000 

600 

Low  single-mode  yield 
Multi-mode  lasing 

B 

All  bending 

800 

1000 

3-section- 

bending 

600 

C 

800 

1000 

2-section- 

straight 

600 

D 

800 

Self-pulsation 

Mutual  locking 

1000 

Table  5-2.  Summary  of  device  characterization. 
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5.4  Experimental  Results  on  Optical  Properties 

The  experimental  setup  used  to  measure  the  optical  spectrum,  modulation  response, 
and  nonlinear  distortion  of  the  monolithic  injection-locked  DFB  laser  with  two  gain 
sections  is  shown  in  Figure  5-6. 

This  setup  is  more  compact  than  injection  locking  setups  using  an  external  light 
source  since  polarization  controllers,  optical  circulators  (or  isolators),  and  fiber-to-lascr 
couplers  are  not  required.  An  external  cavity  laser  is  used  as  a  stable  wavelength 
reference  for  measuring  the  wavelength  dependence  on  the  current  tuning  of  each  section. 
DC  current  and  RF  modulation  signals  are  applied  to  the  section  1  through  a  bias  tee, 
while  another  DC  current  is  applied  to  the  other  laser  section.  The  main  difference 
between  this  optical  injection  locking  system  and  the  external  injection  locking  system  is 
that  both  lasers  share  a  common  waveguide  and  there  is  no  optical  isolation  between 
them.  The  modulated  output  taken  from  the  section  1  is  coupled  into  a  high-speed 
photodetector  (34  GHz).  The  detected  signal  is  amplified  by  low  noise  RF  amplifier  with 
20  dB  gain  and  then  observed  by  an  RF  spectrum  analyzer. 


Figure  5-6.  Experimental  setup. 
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Figure  5-7  shows  the  high  resolution  optical  spectra  of  the  two-section  laser  in  (a) 
mutually-locked  and  (b)  unlocked  states  measured  by  a  scanning  Fabry-Perot  (F-P) 
interferometer.  In  the  mutually-locked  state,  a  single  locked  mode  is  observed  at  +9  GHz 
(compared  to  the  reference  laser)  and  no  other  frequency  components  are  observed.  In  the 
unlocked  state,  the  two  sections  lase  at  two  distinct  wavelengths  that  are  approximately 
28  GHz  apart. 
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Figure  5-7.  Measured  optical  spectrum,  (a)  Mutually-locked  (f  =  45.2  mA,  I2  =  50  mA)  and  (b) 
Unlocked  (I|  =  45.2  mA  ,  I2  =  61  mA) 


Figure  5-8  represents  the  relative  frequency  between  the  modes  from  two  sections 
versus  the  current  of  the  section  2  (=  T>).  The  section  1  is  DC-biased  at  a  fixed  value  of 
45.2  mA.  As  U  increases,  both  the  modes  from  the  section  1  and  the  section  2  move 
towards  shorter  frequencies  (=longer  wavelengths)  due  to  thermal  tuning  effect.  The 
tuning  rate  from  section  2  is  noticeably  larger  than  that  from  section  1.  Consequently, 
when  I2  decreases,  the  frequency  difference  from  each  section  gradually  reduces  and 
eventually  the  mode  from  section  1  enters  the  mutually-locked  state  to  the  mode  from 
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section  2.  The  monolithic  optical  injection  locking  scheme  is  very  robust.  There  is  only 
one  tuning  parameter,  namely  the  current  bias  on  each  section.  Unlike  externally 
injection-locked  lasers,  the  monolithically-locked  laser  is  much  less  sensitive  to  ambient 
temperature  since  the  frequencies  of  both  laser  sections  drift  in  the  same  direction. 


Section  1 

Biased  ^=45.2  mA 


^section  1  ^reference 


^section  2  ^reference 


Bias  Current  l2  (mA) 


Figure  5-8.  Measured  tuning  characteristic  for  each  mode  when  the  bias  current  of  section  2  (=  I2) 
is  varied  and  section  1  (=  f)  is  biased  at  a  fixed  value  of  45.2  mA. 


To  confirm  the  independent  lasing  and  mutual  locking,  optical  spectra  have  been 
measured  at  both  facets.  For  this  measurement,  a  different  device  from  the  previous 
measurement  has  been  used,  but  most  of  the  characteristics  are  very  similar.  As  shown  in 
Figure  5-9(a),  the  mode  from  section  1  exhibits  much  higher  power  than  the  mode  from 
section  2  because  the  output  power  is  coupled  from  the  facet  facing  section  1.  On  the 
other  hand,  when  the  output  facet  is  switched  to  section  2  under  the  same  bias  condition, 
the  peak  power  from  section  1  decreases  while  the  peak  power  from  section  2  increases 
as  shown  in  Figure  5-9(b).  Consequently,  we  can  conclude  that  the  mode  on  the  shorter 


89 


wavelength  side  is  lasing  from  section  1  and  the  mode  on  the  longer  wavelength  side  is 
from  section  2. 


1543  1544  1543  1544 


Wavelength  (nm)  Wavelength  (nm) 

(a)  (b) 

Figure  5-9.  Optical  spectra  measure  at  the  facet  facing  at  (a)  section  1  and  (b)  section  2.  Bias 
current  is  f  =  30  mA  and  I2  =  21  mA. 

5.5  Modulation  Responses  and  Nonlinear  Distortion  Reduction 

The  modulation  frequency  response  for  the  device  used  for  Figure  5-7  is  shown  in 
Figure  5-10.  The  relaxation  oscillation  peak  of  the  free-running  state  (Ii  =  45.2  mA,  F  =  0 
mA)  is  11  GHz.  In  the  mutually-locked  state,  the  resonance  peak  is  increased  to  23  GHz. 
In  the  unlocked  state,  the  beating  of  the  two  modes  generates  a  very  sharp  and  noisy 
spike  at  the  difference  frequency  of  ~  25  GHz  in  the  frequency  response.  The  Lorentzian 
peak  is  superimposed  on  the  free-running  modulation  response. 

It  is  known  that  the  nonlinear  distortion  becomes  more  severe  as  the  modulating 
frequency  approaches  the  relaxation  oscillation  frequency  due  to  the  nonlinear  coupling 
between  electrons  and  photons  [58].  Hence,  if  the  resonance  frequency  of  the  laser  is 
increased,  the  nonlinear  distortions  can  be  reduced  while  the  modulation  bandwidth  is 
increased. 
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Figure  5-10.  Measured  frequency  responses  for  various  DC  bias  values  on  section  2.  Section  1  is 
DC  biased  at  a  fixed  value  of  at  45.2  mA  and  RF-modulated. 


To  measure  the  second-harmonic  distortion  (2HD),  laser  section  1  is  modulated  by  a 
single  tone  RF  signal  (f=  9  GHz).  The  second  harmonic  product  is  measured  at  18  GHz. 
To  investigate  the  2HD  in  both  locked  and  unlocked  states,  Ii  is  fixed  at  45.2  tnA  and  the 
h  is  varied  from  0  mA  to  65  tnA.  Mutual  locking  is  observed  between  14  mA  to  53  mA 
through  optical  spectra  measurement.  The  measured  2HD  versus  f  is  shown  in  Figure 
5-11.  At  the  mutually-locked  state,  the  second  harmonic  product  is  reduced  by  more  than 
15  dB  compared  with  the  free-running  and  unlocked  state  and  the  bias  current  range  of 
mutual  locking  regime  agrees  well  with  the  range  observed  in  optical  spectra 
measurement.  Figure  5-12  shows  the  suppression  of  third  harmonic  distortion.  The  slave 
section  of  the  monolithic  injection-locked  DFB  laser  is  modulated  by  a  6-GHz  RF  signal. 
As  shown  in  this  figure,  the  third  harmonic  distortion  is  suppressed  by  22. 1  dB. 
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Figure  5-13  shows  the  received  RF  powers  of  the  fundamental  and  third-order 
intennodulation  products  (IMP3)  versus  the  input  RF  power  for  both  the  free-running  and 
the  injection-locked  state.  The  measured  noise  floor  is  -140  dBm/Hz.  Under  the 
monolithic  injection-locked  state,  the  spurious-free  dynamic  range  (SFDR)  is  increased 
by  2.9  dB,  from  95  dB-Hz23  to  97.9  dB-Hz2/3.  In  addition  to  the  suppression  of  nonlinear 
distortion,  the  two-section  DFB  laser  exhibits  improved  RF  performances  in  higher 
modulation  frequency  when  it  operates  in  the  mutually-locked  regime. 


Figure  5-13.  The  SFDR  of  the  link  with  directly-modulated  two-section  DFB  laser  at //  =  7.5  GHz 
and  /3  =  7.6  GHz. 

The  improved  response  to  the  RF  signal  at  20  GHz  is  shown  in  Figure  5-14  by 
observing  the  wavefonn  from  photodetector  in  an  oscilloscope.  Monolithic  injection- 
locked  lasers  respond  very  well  to  a  20-GHz  RF  signal,  whereas  the  free-running  laser 
can  not  respond.  The  SFDR  in  the  high  frequency  range  (18  GHz)  is  also  measured  to 


93 


verify  nonlinear  distortion  characteristics  when  the  laser  is  directly-modulated  near  the 
new  resonance  frequency  of  23  GHz.  Figure  5-15  is  the  measured  SFDR  at  18-GHz  range. 
The  SFDR  for  the  mutually-locked  state  is  measured  at  87  dB-Hz2/3  while  the  free- 
running  laser  can  not  respond  to  such  a  high-frequency  signal.  The  measured  SFDR  is 
smaller  than  that  at  7-GHz  range  (Figure  5-13)  due  to  the  increased  noise  floor  and 
distortion  products.  Figure  5-16  shows  the  photographs  of  the  packaged  chip  and  module. 
The  laser  has  been  packaged  by  our  collaborator  at  Multiplex,  Inc. 


Figure  5-14.  Waveforms  measured  by  an  oscilloscope  at  a  20-GHz  RF  modulation  for  free- 
running  and  injection- locked  states. 
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Figure  5-15.  Measured  SFDR  at  18.1  GHz.  The  laser  is  modulated  by  a  two-tone  signal  (f)  =  18.0 
GHz ,f2  =18.1  GHz)  under  mutually-locked  state. 


1  mm 


DC  bias 


Figure  5-16.  Fabricated  device  and  fully  packaged  injection-locked  DFB  laser  module,  (a) 
Integrated  master-slave  laser  on  submount  with  25-D.  termination  for  direct  modulation  (b)  Fully 
packaged  module  with  output  fiber,  optical  isolator,  master  laser  power  monitor,  TEC  control, 
and  GPO  connector  for  RF  input. 
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5.6  Chirp  Reduction  and  BER  Performances 

As  discussed  in  Section  2.1,  chirp  of  directly-modulated  lasers  can  be  significantly 
reduced  by  injection  locking  [4-7,  9].  In  this  section,  we  demonstrate  the  reduction  of 
laser  chirp  and  improved  bit-error-rate  (BER)  performance  in  mutually  locked  lasers. 

Figure  5-17  shows  experimental  setup.  One  of  the  laser  sections  is  DC  biased  and 
modulated  by  non-retum-to-zero  (NRZ)  data  stream  from  bit-error-rate  tester  (BERT). 
The  other  section  is  DC  biased  only.  The  optical  signal  from  the  laser  is  coupled  into  the 
fiber  and  transmitted  over  negative  dispersion  fiber  (Corning  MetroCor,  D  =  -8 
ps/km/nm).  The  optical  power  of  the  received  signal  is  controlled  by  an  optical  attenuator 
before  BER  measurement.  The  wavefonn  is  observed  by  an  oscilloscope. 
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Figure  5-17.  Experimental  setup  for  measuring  BER  performance  of  the  two-section  DFB  lasers, 
(variable  attn.:  optical  variable  attenuator;  OSA:  optical  spectrum  analyzer) 
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The  optical  spectra  without  fiber  transmission  are  shown  Figure  5-1 8(a)  and  (b)  for 
single  section  bias  (Ii  =  90  mA,  b  =  0  mA)  and  two-section  bias  (Ii  =  90  mA,  b  =  30 
mA),  respectively.  When  the  modulation  signal  is  applied  to  the  laser,  the  3-dB  spectral 
width  of  the  single-section  laser  is  broadened  from  0.14  to  0.44  mn  due  to  the  laser  chirp. 
On  the  other  hand,  spectral  width  of  the  mutually  locked  laser  is  broaden  from  0.14  to 
0.21  nm,  exhibiting  0.23  mn  reduction  compared  with  the  single-section  bias  case. 

Figure  5-19(a)-(d)  show  the  measured  eye  diagrams  of  the  free-running  and  the 
mutually  injection-locked  lasers  with  and  without  fiber  transmission.  Both  lasers  exhibit 
similar  waveforms  for  back-to-back  transmission  as  shown  in  Figure  5- 19(a)  and  (b). 
Flowever,  when  the  signal  is  transmitted  through  an  80-km  fiber,  the  eye  opening  for  the 
mutually  locked  laser  (Figure  5- 19(d))  is  much  wider  than  the  free-running  laser  (Figure 
5- 19(c)). 


(b) 


Figure  5-18.  Measured  optical  spectra  of  the  two-section  DFB  lasers  under  direct  modulation  with 
10-Gb/s  NRZ  data:  (a)  fi  =  90  mA,  I2  =  0  mA;  (b)  fi  =  90  mA,  I2  =  30  mA.  The  optical  power  is 
measured  in  linear  scale.  The  optical  spectra  without  data  modulation  are  depicted  as  dotted  lines. 
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Figure  5-19.  Measured  eye  diagram  for  (a)  =  90  mA,  I2  =  0  mA,  back-to-back;  (b)  Ii  =  90  mA, 

I2  =  30  mA,  back-to-back;  (c)  Ii  =  90  mA,  I2  =  0  mA  after  80-km  fiber  transmission;  (d)  Ii  =  90 
mA,  I2  =  30  m  A  after  80-km  fiber  transmission. 
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Figure  5-20  shows  the  measured  BER  performances.  For  the  back-to-back 
measurements,  both  lasers  show  almost  identical  BER  performance  with  on  0.5-dB 
difference  in  sensitivity  at  BER  of  10'9.  However,  the  mutually  locked  laser  exhibits  > 
2.5-dB  improvement  after  80-km  fiber  transmission  due  to  the  reduced  chirp. 


(a)  (b) 

Figure  5-20.  Measured  BER  performances:  (a)  back-to-back  measurement;  (b)  80-km  fiber 
transmission. 

5.7  Summary 

We  have  fabricated  various  types  of  multi-section  DFB  lasers  to  achieve  monolithic 
optical  injection  locking.  We  have  systematically  investigated  the  device  parameters,  and 
found  that  a  strong  grating  is  required  to  attain  independent  lasing  of  the  two  laser 
sections.  By  properly  controlling  the  bias  currents  on  both  sections,  mutual  injection 
locking  is  achieved.  The  resonance  frequency  of  the  laser  was  increased  from  11  GHz  to 
23  GHz.  The  2HD  at  9  GHz  range  is  suppressed  by  15  dB  due  to  the  increased  resonance 
frequency.  A  3-dB  improvement  of  SFDR  at  7-GHz  has  been  achieved.  In  addition  to  the 
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suppression  of  nonlinear  distortions  and  increase  of  the  SFDR,  the  two-section  DFB  laser 
exhibits  enhanced  modulation  response  at  20  GHz  due  to  the  increased  resonance 
frequency.  Chirp  reduction  is  also  demonstrated  by  the  two-section  DFB  lasers.  An 
improvement  of  more  than  2.5  dB  in  receiver  sensitivity  has  been  demonstrated  at  a  data 
rate  of  10  Gb/s  after  80-km  of  fiber  transmission.  The  monolithic  mutually  injection- 
locked  lasers  can  be  mounted  in  standard  laser  packages,  and  can  be  employed  to 
improve  the  perfonnance  of  directly  modulated  links. 
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Chapter  6  Applications  of  Multi-Section  Distributed  Feedback  (DFB) 
Lasers 

In  this  chapter,  we  discuss  two  applications  of  the  multi-section  DFB  lasers.  The  first 
is  large-signal  analog  modulation  with  high  optical  extinction  ratio.  The  multi-section 
lasers  operating  in  monolithic  injection  locking  regime  enable  a  large  optical  extinction 
ratio  (>  12  dB)  with  DC  to  2-GHz  bandwidth.  The  optical  extinction  ratio  is  6  dB  higher 
than  that  of  the  free-running  laser.  The  second  application  is  optical  generation  of 
millimeter- waves  using  harmonic  injection  locking  in  multi-section  DFB  lasers.  We 
demonstrate  the  generation  of  30-GHz  millimeter-waves  with  a  phase  noise  of  -103.8 
dBc/Hz  at  100-kHz  offset. 

6.1  Optical  Extinction  Ratio  Improvement  Using  Directly-Modulated  Two- 

Section  DFB  Lasers 

Large-signal  analog  modulations  with  high  extinction  ratio  and  GHz  bandwidth  are 
needed  for  active  Laser  Radar  (LADAR)  sensors,  and  infrared  (IR)  /  radio-frequency 
(RF)  scene  generations,  and  analog  or  multi-level  digital  optical  communication  systems. 
Though  a  semiconductor  laser  can  easily  achieve  an  extinction  ratio  of  20  ~  30  dB,  its 
bandwidth  is  small  at  low  output  power.  The  relaxation  oscillation  frequency  of  a  free- 
running  laser  is  [99] 
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where  A  is  differential  gain,  P0  is  photon  density  inside  laser  cavity,  zp  is  photon  lifetime, 
is  xn  carrier  lifetime,  Fa  is  the  confinement  factor,  Ntr  is  the  transparency  carrier 
concentration,  Iq  is  the  bias  current,  and  Ith  is  the  threshold  current.  Typical 
semiconductor  lasers  have  a  bandwidth  of  several  GHz  under  nonnal  bias  condition 
(several  times  of  threshold  current).  However,  the  modulation  bandwidth  and  relaxation 
oscillation  frequency  become  very  low  («  GHz)  when  it  is  biased  near  threshold  to 
achieve  high  optical  extinction  ratio.  Therefore  it  is  not  possible  to  achieve  wide 
bandwidth  (DC  to  ~  2  GHz)  and  high  extinction  ratio  simultaneously  by  direct 
modulation  of  semiconductor  lasers. 

As  mentioned  earlier,  strong  optical  injection  locking  has  significantly  improved  the 
dynamic  response  of  directly  modulated  semiconductor  lasers,  including  enhancing  the 
resonance  frequencies  [36,  39-42],  suppressing  nonlinear  distortions  [12,  43]  and  relative 
intensity  noise  [10,  48],  and  reducing  chirp  [5-7,  9].  Monolithic  injection  locking  is  an 
attractive  approach  to  realize  large-signal  analog  modulation.  We  have  described  the 
small-signal  response  of  monolithic  injection  locked  DFB  lasers  in  Chapter  5.  Here,  we 
discuss  the  large-signal  analog  modulation  of  multi-section  DFB  lasers.  Experimentally, 
we  show  that  the  large-signal  analog  extinction  ratio  at  2  GHz  is  improved  from  6.8  dB  to 
12  dB  by  using  a  monolithic  injection-locked  DFB  laser. 

6.1.1  Link  Requirements:  Digital  versus  Analog  Link 

Large-signal  modulation  is  usually  used  in  digital  optical  links.  Most  RF  and  analog 
optical  links  employ  small  signal  modulations.  Some  applications,  such  as  LADAR  and 
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IR/RF  scene  generation,  do  require  large-signal  analog  modulation  with  very  large 
extinction  ratio  (~  60  dB)  at  GHz  bandwidth.  Their  requirements  are  different  from  those 
of  digital  optical  links,  which  need  extinction  ratios  of  approximately  20  dB  but  do  not 
require  high  fidelity  in  their  waveforms.  Figure  6- 1(a)  and  (b)  illustrate  the  difference  in 
digital  and  analog  optical  links. 


Figure  6-1.  Schematic  illustrating  large-signal  modulations  with  (a)  digital  and  (b)  analog  signals. 
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Figure  6-2.  Challenges  in  directly-modulated  lasers  for  analog  signal  transmission  when  the  lasers 
are  (a)  DC-biased  at  low  level  and  (b)  DC-biased  at  high  level. 


Direct  modulation  of  semiconductor  lasers  is  desirable  for  these  large-signal  analog 
applications.  However,  there  are  some  technical  challenges,  as  illustrated  in  Figure  6-2. 
To  achieve  high  extinction  ratio,  it  is  necessary  to  reduce  the  low  light  level.  Biasing  the 
laser  around  threshold,  however,  causes  the  laser  to  gain  switch  (Figure  6-2(a)), 
producing  short  optical  pulses  rather  than  analog  waveforms  with  high  fidelity.  Biasing 
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the  laser  high  above  threshold,  on  the  other  hand,  suffers  from  low  extinction  ratio, 
though  analog  waveforms  could  be  better  preserved  (Figure  6-2(b)).  In  this  section,  we 
will  present  a  solution  by  employing  optical  injection  locking. 

6.1,2  Measured  Large-Signal  Response  of  Directly-Modulated  Lasers 

Figure  6-3(a)  and  (b)  show  the  temporal  responses  of  a  free-running  laser  under  a 
large-signal  sinusoidal  modulation  (RF  power  =15  dBm)  at  2  GHz  when  the  laser  is 
biased  at  8.5  mA  and  34.3  mA,  respectively.  At  low  bias  (8.5  inA  =  1 . 1  -Ith),  the  measured 
waveform  shows  a  non-sinusoidal,  gain-switched  waveform  because  the  large  signal 
swings  the  laser  below  threshold  and  turn-on  transients  manifest  as  the  laser  attempts  to 
swing  above  threshold.  The  frequency  response  below  threshold  is  dramatically  reduced 
due  to  a  lack  of  photons  within  the  slave  laser.  Though  the  extinction  ratio  is  greater  than 
20  dB,  the  optical  waveform  is  significantly  distorted. 


Time  (nS)  Time  (nS) 

(a)  (b) 

Figure  6-3.  Temporal  responses  of  a  free-running  laser.  The  laser  is  modulated  by  a  large- 
sinusoidal  signal  at  2  GHz.  The  DC  bias  of  the  laser  is  (a)  8.5  mA  and  (b)  34.3  mA. 
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To  achieve  a  more  linear  response  at  high  frequencies,  the  bias  current  on  the  slave 
section  is  increased  to  34.3  mA  so  that  the  laser  is  always  above  threshold.  The  measured 
waveform  is  shown  in  Figure  6-3(b).  It  shows  an  increase  of  DC  value  due  to  the  higher 
DC  current  bias.  The  maximum  extinction  ratio  measured  for  the  free-running  case  is  6.8 
dB.  In  injection- locked  lasers,  the  tum-on  transient  of  the  directly-modulated  lasers  is 
significantly  reduced  because  the  injection  from  the  master  laser  suppresses  the 
spontaneous  emission  of  the  slave  laser  as  well  as  increases  its  modulation  bandwidth. 
Optical  extinction  ratio  of  11.2  dB  (Figure  6-4(b))  has  been  achieved,  which  is  4.4  dB 
better  than  the  free-running  case  (Figure  6-3(b)). 
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Figure  6-4.  Temporal  responses  of  (a)  a  free-running  laser,  and  (b)  an  externally  injection- locked 
laser  with  an  injection  ratio  of  -11  dB.  The  slave  laser  is  DC-biased  at  I  =  1.5-1*  and  modulated 
by  a  large-  sinusoidal  signal  at  1  GHz. 


106 


6.1.3  Optical  Extinction  Ratio  Improvement 

To  improve  the  large-signal  analog  response  of  the  laser,  we  employ  monolithic  optical 
injection-locked  DFB  lasers  with  bent  waveguides.  The  schematic  of  the  three-section 
DFB  laser  with  bent  waveguide  is  shown  in  Figure  6-5.  The  three-section  laser  offers 
mutual  injection  locking  between  laser  sections  and  on-chip  control  of  frequency 
detuning.  A  strong  DFB  grating  is  employed  to  confine  the  photons  locally  in  individual 
lasers.  The  kL  product  is  approximately  4  for  a  cavity  length  of  500  pm.  Since  the  two 
lasers  are  mutually  locked,  there  is  no  clear  distinction  on  which  laser  is  master  or  slave. 
Here,  the  section  with  RF  modulation  will  be  called  the  slave  laser  (i.e.,  laser  section  1, 
current  biased  at  1 1),  whereas  the  laser  with  DC  bias  called  master  laser  (i.e.,  laser  section 
2,  current  biased  at  H).  The  master  laser  is  further  partitioned  into  two  sections  so  we  can 
tune  its  waveguide  by  differential  biasing  (I2  and  I3). 


Figure  6-5.  Three-section  DFB  laser  for  large-signal  modulation  with  high  extinction  ratio. 
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The  fabrication  process  of  the  three-section  DFB  lasers  with  bent  waveguide  is 
similar  to  that  described  in  Section  5.2.  Capped-mesa  buried  heterostructure  (CMBH)  is 
employed  for  the  laser.  It  is  grown  by  a  three-step  metal-organic  chemical  vapor 
deposition  (MOCVD)  growth.  Another  mesa  (~  10-pm  wide)  is  patterned  around  the 
active  strip  to  reduce  the  parasitic  capacitance.  Typical  lithography  and  waveguide 
etching  processes  are  followed  by  an  electrical  isolation  etch  of  0.2-pm  depth  between 
sections.  The  top  metal  contact  is  split  into  multiple  sections.  After  etching  the  p++  layer 
between  the  sections,  over  4  kf2  of  electrical  isolation  is  achieved.  In  the  device,  each 
section  operates  as  an  independent  laser  because  of  the  distributed  feedback  nature.  By 
adjusting  current  bias  on  each  section,  it  is  possible  to  mutually  lock  two  DFB  lasers 
without  an  isolator  between  them.  However,  to  achieve  an  optimum  injection  locking 
condition,  it  is  necessary  to  adjust  both  the  amplitude  and  detuning  frequency  of  the 
injected  signal.  A  tunable  master  laser  with  split  contact  is  employed  to  control  the 
detuning  frequency. 

Figure  6-6  shows  measured  optical  spectrum  of  the  mutually  injection  locked  laser. 
An  anti-reflection  (AR)  coating  with  a  reflectivity  of  less  than  0.1%  is  deposited  on  both 
facets  to  suppress  the  Fabry-Perot  modes  of  the  cavity.  The  output  power  is  collected 
from  the  facet  near  the  slave  laser.  When  the  bias  current  of  the  master  section  is  set  at  b 
=  50  mA  (~  6Tth  ),  the  slave  section  current  1 1  and  wavelength  tuning  section  current  I3 
are  set  at  0  mA,  the  output  power  measured  at  the  slave  section  is  attenuated  by  the 
unbiased  section  closest  to  the  output  facet. 
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Wavelength  (nm) 

Figure  6-6.  Measured  optical  spectrum  from  the  facet  near  the  slave  section  (=  section  1). 

When  the  slave  section  is  biased  slightly  above  threshold  (~  1 .3 -Ith)  at  10  mA  with 
the  same  current  for  section  2  (L  =  50  mA),  the  output  power  increases  by  17  dB  due  to 
the  current  injection  in  the  slave  section.  However,  the  optical  spectrum  still  shows 
single-mode  lasing  because  the  mode  from  the  slave  section  is  locked  to  the  output  of  the 
master  section.  The  lasing  wavelength  changes  slightly  towards  longer  wavelengths  due 
to  thermal  effect. 

Figure  6-7  shows  the  measured  light-versus-current  (L-I)  curve  when  the  bias 
current  of  the  master  section  is  maintained  at  50  mA.  The  output  power  of  the  slave 
section  varies  linearly  from  the  bias  current  from  1  to  16  mA.  As  shown  in  the  DC  L-I 
curve,  up  to  17-dB  extinction  ratio  can  be  obtained  by  modulating  the  current  of  the  slave 
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section.  The  abrupt  power  changing  at  Ij  =  17  mA  is  due  to  multimode  lasing.  The 
intensity  contour  plot  is  also  measured  for  various  Ii  and  h,  and  shown  Figure  6-8. 
Greater  than  20-dB  extinction  ratio  can  be  obtained  when  Ii  is  varied  from  3  mA  to  20 
mA  while  b  is  kept  constant  at  20  mA. 
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Figure  6-7.  Measured  light-versus-current  curve  of  the  monolithic  optical  injection-locked  DFB 
laser  with  bent  waveguide.  The  optical  power  is  shown  in  both  logarithmic  (left)  and  linear  (right) 
scales.  The  master  section  current,  I2,  is  maintained  at  50  mA  and  tuning  section  current,  I3  =  0 
mA. 
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Figure  6-8.  Intensity  contour  plot  as  a  function  of  bias  currents  Ii  and  F.  Current  bias  for 
wavelength  tuning  is  fixed  at  0  mA.  (I3  =  0  mA) 


Figure  6-9(a)  shows  the  measured  small-signal  modulation  responses  of  the  free- 
running  laser.  The  current  bias  on  the  section  2  (=  L)  is  set  at  0  mA  while  the  current  bias 
on  section  1  (=  Ii)  is  varied.  Because  the  threshold  current  is  —  9  mA,  the  laser  can 
respond  when  the  bias  level  is  above  threshold.  When  b  =  50  mA,  the  modulation 
bandwidth  is  increased  dramatically.  Figure  6-9  (b)  shows  the  frequency  responses  for 
various  slave  currents  from  0  to  10  mA.  When  the  slave  laser  is  below  threshold  (2  mA), 
it  is  essentially  an  LED  and  its  bandwidth  is  very  small.  As  soon  as  the  slave  laser  is 
biased  slightly  above  threshold  (5  mA),  the  bandwidth  is  greater  than  2  GHz.  At  higher 
bias  (>  10  mA),  the  bandwidth  is  higher  than  5  GHz.  Therefore,  the  extinction  ratio  for 
wide  frequency  operation  (kHz  to  2  GHz)  for  this  monolithic  injection  locked  laser  is 
about  14  dB  (for  slave  laser  current  from  3  to  15  mA). 
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Figure  6-9.  Measured  small-signal  frequency  responses  for  various  1 1.  I2  is  fixed  at  (a)  0  mA,  and 
(b)  50  mA. 


The  dynamic  response  of  the  mutually  injection-locked  laser  under  large  signal 
modulation  is  shown  in  Figure  6-10.  The  master  section  is  biased  at  50  mA  and  the  slave 
section  is  biased  at  8.5  mA  with  the  same  RF-modulation  power  (15  dBm)  and  frequency 
(2  GHz).  The  measured  extinction  ratio  of  the  output  wavefonn  is  increased  to  12  dB, 
with  improved  linearity  and  noise.  It  should  be  noted  that  the  free-running  laser  used  for 
the  measurement  in  Figure  6-3  is  actually  the  slave  laser  with  the  master  sections 
unbiased  so  the  waveform  in  Figure  6-10  can  be  directly  compared  with  those  in  Figure 
6-3.  The  increased  extinction  ratio  is  achieved  because  the  injected  master  section  light 
provides  a  reservoir  of  photons  to  the  slave  section,  allowing  it  to  be  modulated  below  its 
free-running  threshold.  Therefore,  in  the  injection-locked  state,  the  DC  output  can  be 
reduced  to  achieve  large  extinction  ratio  while  maintaining  linearity  and  modulation 
bandwidth. 
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Figure  6-10.  Measured  time  domain  waveform  of  the  mutually  injection-locked  laser.  I ,  =  8.5  mA, 
I2  =  50  mA  and  I3  =  0  mA.  The  laser  is  modulated  by  an  RF  source  with  15-dBm  output  power 
at  2  GFlz. 
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6.2  Optical  Generation  of  a  Millimeter- Wave  Signal  Using  Sideband  Injection 

Locking  in  a  Two-Section  DFB  Laser 

Optical  generation  of  millimeter-wave  has  attracted  much  attention  because  of  its 
flexibility  and  applicability  in  broadband  mobile  communication  systems  and  optical 
beam  forming  [17,  62,  63].  Specifically,  sideband  injection  locking  technique  using  a 
master  and  a  slave  laser  is  promising  for  generating  millimeter-wave,  since  it  is  simple  to 
implement  and  has  high  tunability.  It  often  requires  two  or  more  light  sources  -  a  master 
laser  and  a  slave  laser,  or  a  master  laser  and  two  slave  lasers  [17,  18,  60-63].  Recently, 
sub-harmonic  locking  for  millimeter- wave  generation  has  been  extended  to  injection 
locking  of  passively  mode-locked  DBR  lasers  [64]  and  two-section  DFB  lasers  [65,  66]. 
In  this  section,  we  experimentally  investigate  the  optical  millimeter  wave  generation 
using  two-section  DFB  lasers  introduced  in  Section  5.2.  By  using  the  two-section  DFB 
lasers,  we  have  successfully  achieved  the  optical  generation  of  millimeter  wave  with  high 
power  and  signal  purity,  exhibiting  a  phase  noise  of  -103.8  dBc/Hz  at  100-kHz  offset 
from  30  GHz. 

6.2.1  Principles  of  Optical  Millimeter- Wave  Generation 

Figure  6-11  shows  the  schematic  of  optical  millimeter-wave  generation  using 
injection  locking.  The  lasers  are  used  in  this  scheme:  one  master  and  two  slave  lasers. 
The  wavelengths  of  the  two  slave  lasers  are  spaced  near  the  target  frequency,  (m+k);/R|., 
which  is  an  integral  multiple  of  the  RF  modulation  frequency  of  the  master  laser. 
Coherence  between  the  slave  lasers  is  required  to  generate  a  low  phase  noise  signal. 
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Goldberg  et  al.  [61]  achieved  the  coherence  by  injecting  modulation  sidebands  from  a 
master  laser  into  the  slave  lasers.  Since  all  modulation  sidebands  from  the  master  laser 
are  coherent,  coherence  between  the  slave  modes  are  accomplished  when  each  slave  laser 
is  locked  to  one  of  the  modulation  sidebands. 
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Figure  6-11.  Schematic  of  optical  injection  locking  for  millimeter-wave  generation. 


Because  of  the  strong  gratings  in  our  two-section  DFB  lasers  described  in  Chapter  5, 
individual  section  lases  on  its  own,  resulting  in  two  distinctive  wavelengths  similar  to 
those  of  the  two  slave  lasers  in  Figure  6-11.  Figure  6-12(a)  and  (b)  shows  the  conceptual 
diagram  on  sideband  locking  in  two-section  DFB  lasers.  Here,  the  section  with  RF 
modulation  will  be  referred  to  the  slave  laser,  and  laser  section  with  DC  bias  the  master 
laser. 
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Figure  6-12.  (a)  Two-section  DFB  laser  used  for  millimeter-wave  generation,  (b)  Concept  of 
optical  millimeter-wave  generation  by  sideband  locking  in  a  monolithic  laser. 


6.2.2  Experimental  Results 

The  optical  spectrum  of  the  two-section  DFB  laser  is  shown  in  Figure  6-13  measured 
by  a  scanning  F-P  etalon.  A  stable  laser  is  used  as  a  reference  for  the  scanning  F-P  etalon. 
It  is  not  involved  in  injection  locking.  The  slave  section  is  biased  at  65  mA  and  master 
section  is  bias  at  25  mA.  The  relative  frequency  of  the  master  section  and  slave  section  is 
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-17.6  GHz  and  7.6  GHz,  respectively.  The  beating  generates  an  RF  frequency  at  25.2 
GHz.  Other  RF  frequencies  are  generated  from  the  beating  between  the  reference  laser 
and  the  slave  laser/master  lasers.  We  change  the  current  bias  on  the  master  section  while 
fixing  the  bias  at  the  slave  section.  The  frequencies  of  both  sections  vary  continuously,  as 
shown  in  Figure  6-14. 
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Figure  6-13.  Measured  optical  spectrum.  Inset  is  a  measured  RF  spectrum. 

The  RF  spectrum  in  Figure  6- 15(a)  shows  a  broad  peak  at  -  36  GHz  resulting  from 
the  beating  between  the  master  and  the  slave  wavelengths.  The  slave  section  is  biased  at 
45.2  mA  and  the  master  at  69  mA.  The  beat  signal  appears  noisy  because  each  section 
operates  independently  from  each  other  with  random  phase  difference.  To  generate  a  pure 
36-GHz  microwave  signal  with  high  power,  the  slave  laser  section  is  modulated  by  a  12- 
GHz  RF  signal.  The  third  sideband  of  the  modulated  slave  laser  is  locked  to  the  master 
laser.  This  establishes  the  phase  coherence  between  the  primary  modes  of  the  master  and 
slave  laser.  The  beating  of  these  two  main  modes  generates  a  stable  36-GHz  signal  as 
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shown  in  Figure  6- 15(b).  In  Figure  6-16,  a  30-GHz  millimeter- wave  signal  is  generated 
by  tuning  the  master  current  and  modulating  slave  section  by  15-GFIz  RF  signal  (Ii  = 
45.2  mA,  b  =  64  mA).  Under  the  fixed  bias  condition  on  both  sections  (fi  =  45.2  mA,  h 
=  64  mA),  optically  generated  millimeter-wave  signal  can  be  tuned  by  varying  the  RF 
modulation  frequency. 


— ■ —  f_slave  section  -  f_reference  laser 
— • —  f  master  section  -  f  reference  laser 


Master  section  bias  current  (mA) 


Figure  6-14.  Measured  relative  frequencies  of  the  master  and  slave  sections  when  the  master 
current  is  tuned  from  58  to  72  mA. 
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Figure  6-15.  Optically  generated  millimeter-waves  (a)  without  and  (b)  with  a  12-GFlz  modulation 
on  the  slave  section,  (fr  =  45.2  mA  and  I2  =  69  mA).  Insets  are  RF  spectra  measured  in  50-GFlz 
span. 
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RF  Frequency  (GHz) 


Figure  6-16.  Optically  generated  millimeter- wave  signal  at  30  GFlz  by  tuning  the  bias  current  on 
the  master  section  (Ii  =  45.2  mA,  I2  =  64  mA).  The  modulation  frequency  on  the  slave  laser  is  15 
GHz. 
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As  shown  in  Figure  6- 17(a),  a  millimeter-wave  signal  is  generated  at  31.2  GHz  by 
15.6-GHz  RF  modulation.  However,  when  the  RF  modulation  is  changed  to  15.8  GHz, 
sideband  locking  is  no  longer  sustained,  so  that  the  incoherent  beating  is  observed  at  ~  30 
GHz. 
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Figure  6-17.  RF  spectra  showing  the  tunability  by  changing  RF  modulation  frequency,  (a)  15.6- 
GHz  RF  modulation  (b)  15.8-GHz  RF  modulation.  Bias  conditions  are  same  as  in  Figure  6-16.  (F 
=  45.2  mA,  I2  =  64  mA) 


The  phase  noise  of  the  generated  millimeter-wave  has  been  measured  as  shown  in 
Figure  6-18.  High  frequency  beat  signals  of  30  GHz  are  observed  with  a  low  phase  noise 
of  -103.8  dBc/Hz  at  100-kHz  frequency  offset.  The  optically  generated  millimeter- wave 
exhibits  a  slight  degradation  of  a  phase  noise  by  5  ~  10  dB  compared  with  the  RF  source 
used  for  the  RF  modulation. 
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Figure  6-18.  Measured  phase  noise  at  a  30-GHz  millimeter-wave  signal. 


6.2.3  Summary 

Optical  generation  of  millimeter-wave  is  demonstrated  by  a  simple  device  and 
modulation  scheme.  The  fabricated  two-section  DFB  lasers  for  mutual  locking  are  used 
for  optical  sources  under  independent  lasing  condition.  Coherence  between  the  two 
independent  wavelengths  is  achieved  by  RF-modulating  one  of  gain  sections.  By 
adjusting  the  bias  currents  of  each  laser  section  and  varying  the  RF  modulation  frequency, 
we  realized  a  simple  and  environmentally  robust  millimeter-wave  generation  system. 
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Chapter  7  Future  Directions  and  Conclusions 


7.1  Futures  Directions 

7.1.1  Opto-Electronic  Oscillators  Using  Strong  Optical  Injection  locking 

Opto-electronic  oscillators  (OEOs)  are  capable  of  generating  RF  signals  with  very 
low  phase  noise  [100,  101].  The  low  phase  noise  is  achieved  through  an  optical  delay  in  a 
low-loss  optical  fiber  loop,  resulting  in  a  high  quality  factor  (Q).  Figure  7- 1(a)  shows  the 
schematic  of  a  standard  OEO.  It  consists  of  a  light  source,  an  optical  modulator,  an  RF 
amplifier,  and  an  electric  filter.  Phase  noises  lower  than  best  electronic  oscillators  have 
been  demonstrated  at  10  GHz.  However,  scaling  to  higher  frequencies  (>  50  GHz)  is 
limited  by  the  bandwidth  of  optical  modulators  and  electrical  amplifier. 

To  overcome  the  limitations,  the  electro-optic  modulator  in  the  OEO  can  be  replaced 
by  a  strong  optical  injection- locked  laser,  as  shown  in  Figure  7- 1(b).  Efficient  modulation 
can  be  achieved  at  the  enhanced  resonance  frequency.  This  may  eliminate  the  need  for 
high-frequency  RF  amplifiers  and  optical  modulators  in  the  standard  OEO  loop.  Low 
phase  noise  can  be  achieved  through  fiber  loop  as  in  the  standard  OEO.  With  strong 
optical  injection  locking  (injection  ratio  ~  10  to  20  dB),  we  believe  it  is  possible  to 
achieve  oscillation  at  60-90  GHz,  or  even  beyond  100  GHz. 
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Figure  7-1.  Schematic  of  (a)  standard  OEO  and  (b)  OEO  using  ultra-strong  injection-locked  lasers. 


123 


7.1.2  Two-Section  Laser  Array  Integrated  with  Electroabsorption 
Modulator 

To  achieve  high  optical  extinction  ratio  (65  dB)  needed  for  Laser  Radar  (LADAR) 
sensors,  and  infrared  (IR)  /  radio-frequency  (RF)  scene  generation  applications  (Section 
6.1.3),  we  can  integrate  the  mutually-locked  DFB  lasers  with  electroabsorption 
modulators  (EAMs).  These  devices  can  potentially  be  monolithically  integrated  to  form 
an  analog  optical  source  array,  as  shown  in  Figure  7-2. 


DC  Bias 


DC  Bias  + 

RF  modulation  Device 
Array 


Two- 
Section 
DFB  laser 


Device 

Array 


(Extinction 
Ratio  >  20  dB) 


F*  Light 
Output 


Light 

Output  E|ectroabsorption 
Modulator 


(Extinction  Ratio  >  45  dB) 


Figure  7-2.  Schematic  of  monolithic  analog  optical  source  array  comprising  two-section  DFB 
lasers  and  electroabsorption  modulators. 


124 


The  IR/RF  scene  generator  requires  a  large  number  of  analog  optical  sources  (e.g., 
1000x1000),  so  monolithic  integration  of  sub-array  would  be  indispensable.  Typical 
EAMs  used  in  digital  links  have  extinction  ratios  of  20  dB.  By  employing  longer  length 
and  other  optimization  for  reducing  leakage  of  amplified  spontaneous  emission  from  the 
integrated  laser,  it  is  possible  to  achieve  45-dB  extinction  ratio.  Together  with  the  20  dB 
from  the  mutually  injection  locked  DFB  lasers,  the  overall  extinction  ratio  of  the 
integrated  source  array  could  satisfy  the  required  65  dB. 

7.2  Conclusions 

In  this  dissertation,  the  physical  properties,  performances,  and  applications  of  strong 
injection-locked  distributed  feedback  (DFB)  lasers  with  various  injection  locking 
configurations  have  been  presented.  In  the  first  part  of  the  dissertation,  strong  injection 
locking  with  an  external  master  laser  is  investigated.  The  measured  frequency  responses 
under  ultra-strong  optical  injection  locking  (R  ~  10  dB)  exhibit  three  distinctive 
modulation  characteristics,  controllable  by  the  frequency  detuning  between  the  master 
and  the  free-running  lasers.  This  is  confirmed  both  experimentally  and  theoretically.  By 
increasing  injection  ratio  and  optimizing  the  frequency  detuning,  we  have  experimentally 
achieved  a  broad  3-dB  bandwidth  of  33  GHz  and  a  high-resonance  frequency  of  31  GHz 
with  a  narrowband  RF  efficiency  enhancement  of  13  dB. 

Under  strong  injection  locking,  we  have  found  that  the  directly-modulated  slave 
laser  exhibits  asymmetric  modulation  sidebands.  The  asymmetry  originates  from  the 
resonant  amplification  of  the  modulation  sideband  on  the  longer  wavelength  side, 
coinciding  with  the  shifted  cavity  mode  of  the  slave  laser.  Taking  advantage  of  this 

asymmetry,  optical  single  sideband  modulation  with  >  10-dB  asymmetry  has  been 
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achieved  by  direct  modulation.  The  dispersion-limited  RF  bandwidth  has  been  greatly 
increased  to  over  20  GHz  after  transmission  through  80-km  fibers. 

Optical  injection  locking  technique  has  been  combined  with  gain- lever  modulation 
in  distributed  Bragg  reflector  (DBR)  lasers  to  further  improve  the  RF  performance. 
Experimentally,  we  have  achieved  10-dB  enhancement  of  the  AM  modulation  efficiency, 
3x  increase  of  the  modulation  bandwidth,  and  15-dB  suppression  of  the  third-order  inter¬ 
modulation  distortion. 

Although  optical  injection-locked  lasers  exhibit  superior  perfonnances  over  free- 
running  lasers,  two  separate  lasers  are  required.  We  have  attempted  to  integrate  both  the 
master  and  the  slave  lasers  on  the  same  substrate  using  multi-section  DFB  lasers.  Mutual 
injection  locking  has  been  successfully  demonstrated  experimentally.  When  biased  at 
proper  current  ranges,  the  laser  operates  at  a  single  wavelength  and  exhibits  properties 
similar  to  injection  locking  with  external  master  lasers.  These  include  enhanced 
resonance  frequency  (22  GHz),  improved  SFDR  (3  dB),  and  reduced  chirp. 

Potential  applications  of  the  mutually  injection- locked  DFB  laser  include  LADAR 
and  IR/RF  scene  generation.  We  have  successfully  demonstrated  large-signal  analog 
modulation  with  an  optical  extinction  ratio  of  15  dB  and  a  modulation  bandwidth  of  2 
GHz.  Another  application  is  optical  generation  of  millimeter-wave.  Using  monolithic 
optical  sideband  injection  locking,  tunable  millimeter-waves  with  low  phase  noise  have 
been  successfully  generated. 

The  superior  properties  of  optical  injection-locked  lasers,  particularly  those  with 
large  injection  ratio  (~  20  dB),  enable  several  new  applications  that  were  considered 
impossible  by  direct  modulation.  One  such  application  is  optoelectronic  oscillators  with 
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frequency  greater  than  50  GHz.  Another  is  LADAR  or  IR/RF  scene  generation. 
Integration  of  mutual  injection-locked  lasers  with  electroabsorption  modulators  could 
satisfy  the  large  optical  extinction  ratio  (65  dB)  requirement  of  these  large-signal  analog 
optical  sources. 
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